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We report muon spin relaxatioruSR) measurements using single crystals of oxygen-intercalated stage-4
La,CuQ, 11 (LCO:4.1) and Lg ggSKy 1LLCUO, (LSCO:0.12, in which neutron scattering studies have found
incommensurate magnetic Bragg reflections. In both systems, zerq#8ffRdmeasurements show muon spin
precession below the etemperaturely with frequency 3.6 MHz aff — 0, having a Bessel function line
shape, characteristic of spin-density-wave systems. The amplitude of the oscillating and relaxing signals of
these systems is less than half the value expected for systems with static magnetic order in 100% of the
volume. Our results are consistent with a simulation of local fields for a heuristic mode(ayithcommen-
surate spin amplitude modulation with the maximum ordered Cu moment size0@6ug, (b) static Cu
moments on the CuQOplanes forming “islands” having typical radius 15-30 A, comparable to the in-plane
superconducting coherence length, &eidhe measured volume fraction of magnetic muon sitgéncreasing
progressively with decreasing temperature belgutowardsV,,~40% for LCO:4.11 and 18% for LSCO:0.12
atT—0. These results may be compared with correlation lengths in excess of 600 A and a long range ordered
moment of 0.15:0.05ug measured with neutron scattering techniques. In this paper we discuss a model that
reconciles these apparently contradictory results. In transverse magnetie $Blaneasurements, sensitive to
the in-plane magnetic field penetration deptfy, the results for LCO:4.11 and LSCO:0.12 follow correlations
found for underdoped, overdoped and Zn-doped Higltuprate systems in a plot af; versus the supercon-
ducting relaxation rate(T—0). This indicates that the volume-integrated valuegfm* (superconducting
carrier density / effective mapss a determining factor folf;, not only in highT . cuprate systems without
static magnetism, but also in the present systems where superconductivity coexists with static spin-density-
wave spin order.
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. INTRODUCTION scopic regions of the CuOplanes or in different regions.
While neutron measurements make it clear that long range
The interplay between superconductivity and magnetisnmagnetic order exists, the Bragg peak intensity integrates
is one of the central issues of high- superconductivity —over the sample volume and is not, therefore, sensitive to
(HTSO), which has been extensively studied both experi-microscopic spatial variations in the order parameter.
mentally and theoreticalfy.In particular, dynamit® and Muon spin relaxation £SR) measuremerfts?® provide a
static~1® spin correlations with incommensurate wave vec-complementary probe in this regard. In a magnetic material
tors have been found by neutron scattering. These, as well &gving a heterogenous structure, such as “magnetic” and
x-ray photoelectron studié$;!® have been discussed in “nonmagnetic” regions SR data are composed of two dif-
terms of a “stripe” modulation of the spin and charge ferent signals, corresponding to different environments with
densities®~2®Yet it has not been clear whether static mag-signal amplitudes roughly proportional to their volume frac-
netism supports or competes with superconductivity, or if theions. Local magnetic fields at muon sites result primarily
magnetism and superconductivity coexist in the same microfrom the dipolar interaction. In antiferromagnetically ordered
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systems the local field decays very quickly with increasingcussed in these repof$/? a systematic study of magnetic
distance from ordered spins, resulting in an effective range ofolume fraction was not made.
the field of ~10—15 A in cuprate systems. Thus, any het- Previously, Pomjakushiet al*® reported auSR study for
erogeneous magnetic structure in HTSC, having a lengtBingle crystal specimens of ,@uQ,,, doped with oxygen,
scale larger than this, should produce multiple and distinwith y=0.02 (LCO:4.02 and 0.04(LC0O:4.04, which have
guishableu SR signals. compositions in the miscibility gap between AF-LCO and
In this paper, we report zero-fielF) and transverse- the stage-6 superconducting compound. In zero field, they
field (TF) wSR measurements in a single crystal of observeduSR precession signals identical to those found in
La,CuQ, ;; (LCO:4.11) where excess oxygen is intercalated AF-LCO. With decreasing temperature in LCO:4.02, the am-
in a stage-4 structur€. This system is superconducting be- plitude of this oscillatory signal increased from nearly zero
low T.~42 K. Observation of sharp satellite Bragg peaks inabove the superconductifig~15 K to more than a half of
neutron scattering indicates static long ranges00 A) spin  thatin AF-LCO atT—0. In LCO:4.04, the oscillatory signal
density wave(SDW) order belowTy~42 K. The modula- @ppeared beloWw~230 K with an amplitude corresponding
tion wave vector of the SDW is comparable to those obto approxima_telly a 10% vol_ume fraction for the AF region,
served in La_,SCu0, (LSCO) and Lg_,_,Nd,Sr,CuQ, and then exhibited a sharp increase below the superconduct-

(LNSCO) systems with the hole concentratign-0.125%12  ing Tc~25 K to about a half volume fraction &t—0. In
The LCO:4.11 system is especially interesting sif@ét has both cases, the amplitudes of the AF oscillation exhibited an

: NS ; . increase belowT.. The diamagnetic susceptibility of the
the h|g_hest supercondgctlﬁg in the 214 f.aml.ly of materi LCO:4.02 specimen was, however, destroyed by a small ap-
als, (b) it has a rather high magnefig,, which is very close

toT d well developed | tic order bel V\Plied field, indicating rather fragile superconductivity. Lack
0 te ar;] welhdeve oge ong range mfagneslc orber. €10%t information about the crystal orientation in tje$SR mea-

Ty, (€) there is no randomness arising from Sr substitutiong,, o ments prevented a reliable estimate of the volume frac-
and the intercalated oxygen ions are three dimensionally o

on in this study.
dered. Preliminary results and analysis of our Z8R in y

X q for8 In Sec Il we present experimental details and results of
LCO:4.11 have been presented at a recent conference. the ZFuSR measurements. Section Ill contains our simula-
We also report uSR results

S In-a supercqnductmg tion based on a model in which the sample contains micro-
La1.888r0,12C'UO4 (L,S,CO:O'M §|ngle crystal W'th Te scopic regions where there is full magnetic order and other
~30 K WQ'Ch exhibits magnetic Bragg peaks in neutron nicroscopic regions where the magnetic fields are too small
scattering' Comparing these results with those of a simula-, cayse muon precession. In Sec. IV we present results of

tion of the local field distribution at possible muon sites, we ,a5surements in a transverse magnetic field that are sensi-
examine various models for the magnetically ordered regye (g the superconductivity. Finally in Sec. V we discuss
gions. The interplay between superconductivity and magnéege results and draw conclusions.

tism is discussed in the context of the superfluid density
ng/m* derived from TFuSR results.

SR studies of magnetism in HTSC systems started in
1987 with studies of antiferromagnetic JGuUO,
(AF-LCO),?” which provided the first evidence of static mag- ~ Single crystals of LCO:4.11 and LSCO:0.12 have been
netic order. SubsequentlywSR studies on LgCuQ,,® prepared as described in Refs. 16 and 13, which report neu-
(La,Li),Cu0,,?® La,_,Sr,Cu0,,*°~3* and YBa)lCugoy,34'35 tron scattering studies of these crystals, respectively. The
were performed to characterize magnetic phase diagrams agacess-oxygen doped 4@uQ, ., sample is prepared by
function of hole concentration and also to study details of theslectrochemically doping a single crystal of pure,CaO,
spin glass states near0.05. which is grown by the traveling solvent floating-zone

SR measurements of HTSC systems with hole conmethod. The crystal has a mass of 4.21 grams and is cylin-
centration x near 1/8 were first performed in drical in shape. As a result of twinning, there are equal popu-
Lay g7Bag 1,4CuU0,.%® These detected static magnetic orderlations of two twin domains with either treeor b crystallo-
below Ty=32 K and a Bessel functiopmSR line shape, graphic axigin orthorhombic notationnearly parallel to the
characteristic of spin density wave systems. A reduction otylinder’s long axis. In both twin domains, tleaxis is per-

T., associated with an increase of the muon spin relaxatiopendicular to the long axis. Thermogravitimetric analysis on
due to quasi-static magnetism, was also foundu$R in  our samples has been performed on two smalleCud, . ,
La,_,Sr,CuQ, near x=0.123" Recent SR studies on crystals withT,=42 K. We find oxygen concentrations of
(La,Nd,Sr)Cu0, (LNSCO,®3%  (La,Eu,SryCu0, y=0.10(1) andy=0.121). The largecrystal has the same
(LESCO,*** and La g7 125-,SI,CuO, (LBSCO) (Ref. T, so its oxygen concentration is expected to correspond to
42) found the characteristic Bessel function line shape withy=0.11(1).

the same frequency~3.5 MHz in all these systems. In the Neutron diffraction measurements have shown that this
latter studies the primary emphasis was determining thenaterial has a structural modulation along thexis corre-
magnetic phase diagram as a function of rare-earth and hokponding to stage-#. Further details regarding the charac-
concentrations. Although the existence of “zero/low field terization of the stage-4 crystal by neutron scattering, suscep-
muon sites,” expected for decomposition of the system intdibility, and transport techniques may be found in Refs. 16
regions with and without static magnetic order, was dis-and 44.

II. ZERO FIELD pSR MEASUREMENTS
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uSR measurements were performed at TRIUMF, using a Backward ~ Forward
surface muon beam with an incident muon momentum of 28 I |
MeV/c, following the standard procedure described in Refs. Cz-1 /C\
24 and 25. We employed the so-called “low-background”
muon spectrometer, which has the capability of vetoing Beam
events from muons landing in areas other than the specimen, r—
to ensure much less than10% background signal in our n
SR data. In ZFu SR, we observed positron time spectra via (@
counters placed forwarndr) and backwardB) to the incident

beam direction %), with the polarization of incident muons i

ISM antiparallel toz. The muon spin relaxation function
G,(t) was obtained from forwar@F) and backwardB) time Backward Forward
spectra as 1 T

N

A
G,()=[B(t) —F()J/[F(t) +B(1)], ) co

after correcting for the difference in effective solid angles of Beam
the F andB counters. As illustrated in Fig.(4), two sets of
measurements were made with thexis of the specimen mn
mounted parallel(configuration CZ-] and perpendicular

(CzZ-)to Z|P,,.

Figures Za) and 2Zb) show the muon spin polarization _
function G,(t) observed in these two crystals for CZ-l and
CZ-ll. Also included are the results obtained for ceramic
specimens of nonsuperconducting kaBag1,:Cu0,
(LBCO:0.125 (Ref. 36 and Lg 474\NdysSi1LCUO,
(LNSCO0:0.13.%8

We see almost no relaxation aboVg in the time range (b)
t<1 us. BelowTy~42 K of LCO:4.11 andly~20 K of
LSCO0:0.12, a small oscillatory component appears, with a
Bessel-function line shape characteristic of muon precession
in SDW system4>4€ The amplitudeA,, of this oscillating
and relaxing signal is limited to about 3406Z-1) and 24% ‘<_>’
(CZ-ll) at T—0 for LCO:4.11, and 20%CZ-1) and 10% cos9
(CZ-Il) for LSCO:0.12. If we define the internal field at a

muon site asH and 6 is the angle betweem and H, as : ; :
illustrated in Fig. 1b), the oscillatory/relaxing amplitude 267 fielduSR (ZFuSR) employed in the present study, with the

represents sfiif) averaged over all the muon sites. In a ce-initial muon spin .polarizatic.)n parallelCZ-1) gnd perpendicu.lar
ramic specimen which undergoes magnetic order in 100% d€Z-!!) to thec axis of the single crystal specimeii) The oscil-

the volume, this amplitude is 67%=(2/3), as shown in the '21ing part of the muon polarization signal, proportional i

case of LBCO:0.125. Therefore, the observed signal amplif-’InOI the nonosc'".'“‘t'r.'g partto &@’.Wheree IS th.e a'?gle .between
tudesA,, for LCO:4.11 and LSCO:0.12 are less than half thethe local magnetic field and the initial muon spin direction.
value expected for a sample with a SDW uniformly estab-
lished throughout its volume.

In single-crystal specimeng,,, can have a small value if
the local fieldsH for the majority of muon sites are parallel G,(1)=Agio( wt)exp — At)+Asexd —A%2/2],  (3)

to Z|P,,. For this case, however, one should see a ldxge o _

when the crystal orientation is rotated by 90° from CZ-I toWherej is the zeroth order Bessel function aAd repre-
CZ-Il or vice versa. Thus, our results, with smAlj, values sents the nonoscnlatl_ng amplitude. The fII’._St e_xponennal term
for the both configurations, cannot be attributed to such antéPpresents the damping of the Bessel oscillation, whereas the
isotropy. In view of the symmetry of the LCO and LSCO Seécond describes the slow decay due to nuclear dipolar
structures, the “powder average” value &f,. ,.q can be f|elds._ We obtain the v_olume_fractldmﬂ of muon sites that
obtained® as experience the SDW field using

Ny

sinze

FIG. 1. (a) Schematic view of the experimental configurations in

We have analyzed the ZESR data by fitting the results
att<ilusto

Aor—pwdE (113 % [Aor:CZ—I +2A0rcza1 1, 2 V#E AOF'PWd/( 23), 4

which yields 27% for LCO:4.11 and 12% for LSCO:0.12. with A4 determined from Eq(2) at the lowest tempera-
The reduction ofA,.,,q from 66.7% indicates the existence ture. We then scale the values for higher temperatures using
of “zero/low-field” muon sites. A, results for the CZ-1 configuration. For our fit rangetof
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FIG. 2. Time spectra of the muon spin polarization observed by 2 | OE=13.7meV o B
ZF-u SR with (a) the CZ-1 configuration an¢b) the CZ-II configu- ¢ E.=5.0meV a
raton for LaCuQ,y; (LCO:4.1) and La gSh 1/CUO, 0 ' ' ' Vo |
(LSCO0:0.12. Also included are the results for ceramic specimens 0 10 20 30 40 50
of Layg7Bag,CUO, (LBCO:0.129 from Ref. 36 and Temperature (K)

La; 4Ndg 4S1 1LCU0O, (LNSCO:0.13 from Ref. 38.
FIG. 3. (@) Volume fractionV,, of muon sites with a static mag-
netic field larger than~-30 G and(b) frequency of the precessing
<1 us, those muon sites withil =30 G contribute to the signalin LgCuQ, 1; (LCO:4.1]) and Lg gSry LU0, (LSCO:0.12
first term in Eq.(3), and thus are identified as “finite-field (from the present study compared with the results in
muon sites.” Lay g7380.14CU0, (LBCO:0.125 (Ref. 30, Lay 4Ndy 4Si51LCUO,
Figures 3a) and 3b) show the temperature dependence of(LNSCO:0.13 (Ref. 38, and antiferromagnetic LEUO,. 5 (AF-
V, and the oscillation frequency=w/2m for LCO:4.11, LCO) (Refs. 27 and 28 The broken lines are guides to the e{®.
LSCO 0.12, LBCO:0.128°% and LNSCO:0. 13(ceramig. 38 Comparison of the neutron Bragg peak intensigyin La,CuQ, 14
The common Bessel-function line shape and the nearly iderf-CO:4.13 (Ref. 16 with those expected from thaSR results
tical frequencyv~3.5 MHz (corresponding to maximum in- (present studyaslg>V X v2. uSR and neutron results are scaled
ternal field of 260 G at T—O for all the four systems indi- US""d the values near—0.
cate that the spin configurations and magnitudes of the static
Cu momentgproportional tor) surrounding the “finite-field To illustrate further this unusual temperature dependence
muon sites” are identical for all the four systems. The vol-of the magnetic order parameter in LCO:4.11, we compare
ume fractionV, increases progressively beldly, with de-  ZF-uSR spectra of LCO:4.11 and AF-LCO (=250 K) in
creasing temperature, in both LCO:4.11 and LSCO:0.12. Th&ig. 4. In AF-LCO[Fig. 4(b)], as in most conventional mag-
frequency v acquires its full value just belowTly in netic systems where long-range magnetic order develops in
LCO:4.11. In Fig. 8c), we compare the temperature depen-100% of the volume, ZR:SR data exhibit muon spin pre-
dence of the neutron Bragg-peak intendigyof LCO:4.11  cession whose amplitude is nearly independent of tempera-
(Ref. 16 with V,, x v? from wSR. The good agreement of ture, but whose frequency increases with decreasing tem-
neutron and muon results indicate that these two probes dgerature. In contrast, for LCO:4.1Fig. 4(a)] the oscillation
tect the same static magnetism even though the former meamplitude increases gradually with decreasing temperature
sures the ordered moment over distarred®0 A. TheuSR  below Ty while the frequency just beloWy is already close
results suggest that the observed temperature dependencet@fthe low-temperature value. This implies that in LCO:4.11
I g should be ascribed mainly to the change of the site fracthe local order is well developed but dynamic abdyg and
tion containing ordered Cu spins, rather than to the increastiie ordering process beloW involves the ordering of this
of the static moment on individual Cu atoms although this islocal magnetism over long distances with a concomitant
model dependent. freezing of the spins.
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FIG. 5. Crystal structure of L&EuUG,, shown with the positions
of intercalated interstitial oxygen and the assumed muon site at
(0,0.751,2.257) A within the unit cell near an apical oxygen. The
arrows attached to ¥ in the center of the figure show the direction
of tilting (about 5°) of the Cu@octahedra.
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) and (2) Cu spins with an incommensurate SDW amplitude

FIG. 4. Time spectra of ZSR measurements (@) LCO:4.11  moquylation superimposed on the antiferromagnetic correla-
and (b) AF-LCO. The amplitude of the oscillating and relaxing tions, with a maximum static Cu moment value of Q35

signal varies in@) below Ty without much change in the frequency, (broken ling. Here we have assumed that the SDW propa-
while in (b) the amplitude does not depend drand the frequency gation vector is along the Cu-O-Cu bond directige., 45°

increases with decreasinfg The latter behavior is observed in . . .
ZF-u SR of many conventional magnetic systems. The spectaym to_the orthorhombica an.d b ax?g with magnitude k
=2mw/dx0.12 @=3.78 A is the distance between nearest-

obtained by using a low-backgroundSR spectrometer, has the . . A,
background signal level below 0.01 in asymmetry. The spectrur’r{]e_Ighbor Cu atomsiVe have calculated the spin polarization

(b), obtained in 1987 by using an older apparatus, has the expectéﬂsmg
background level shown by the broken lif@G). N _ o
cog KapxX) X cog kx) = (1/2)cog (Kap+ K)X]
Ill. SIMULATION OF ZERO-FIELD puSR n (1/2)COS{(IZAF— IZ))Z] (5)
To explore the possible origin of the two kinds of muon .
sites, we have performed computer simulations of the locait a given positiorx. These results confirm that the SDW
field distributions at possible muon sites. The location of thenodel gives a line shape nearly identical to a Bessel function
muon site in AF-LCO has been approximated by Hittal#7  (solid line). In AF-LCO the observeg SR result§”*'show a
to be about 1 A away from the apical oxygen, based on théubstantial damping of the sinusoidal precession, due to vari-
expected length of the &-x" hydrogen bond. We have ©US possible origins, such as nuclear.dlpolar fields, variations
improved their estimate by taking into account the tilt of the©f the muon site or crystal imperfection. To account for the

: duction of the observedSR frequency from 5.8 MHz in
CuQ; octahedra and by comparing the obserye8R pre- '© , )
cession frequency=5.8 MHz with the Cu long-range or- AF-LCO to 3.64 MHz atT—0 in LCO:4.11, we need to

dered moment size 0.55 in AF-LCO 16 Figure 5 shows the assume that the maximum static Cu moment size in the SDW
location of the ' apical-oxyge.n muon  site  at modulation is~0.36ug. This may be compared with the

. . . bare Cu moment of 1/43.
(0.1991,0d,0.17%) in the unit cell withd=3.779 A and Since there is a substantial density of intercalated oxygen

c=13.2 A assumed in this simulation. Since the direction of LCO:4.11, we have also modeled the field distribution at
H is very sensitive to a small change of the tilt angle of theseveral locations 1 A away from the expected site of the
CuO; octahedra, we calculate the expected ZER line intercalated oxygen atoms. As may be seen from Fib), 6
shape for the powder average. which displays decay curves calculated for 100% ordered
Figure 8a) shows the line shape for this apical-oxygen SDW Cu moments with maximum moment size of Qu35
muon site for(1) a 100% volume fraction of antiferromag- there is no muon site location having zero or low internal
netically (AF) ordered Cu moments having modulation vec-field. Therefore, we cannot ascribe the existence of “zero/
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FIG. 6. Simulation results of the muon spin polarization func-  FIG. 7. Simulation results of the expected muon spin polariza-
tions in LgCuQ, obtained for static magnetic order involving all tion functions for ceramic specimens of JGuQ,, obtained for the
the Cu moments. An angular average is taken to represent the reauon site near the apical oxygen and an SDW modulation with a
sults for ceramic specimen&) Results for the muon site near the maximum static Cu moment of 0.35 and modulation vectok
apical oxygen(see Fig. % The dotted line corresponds to the case =0.12x 2#/d. (a) corresponds to magnetic island model where the
with antiferromagneti¢AFM) spin correlations with the static Cu Cu moments in a volume fractiovic, order with the SDW ampli-
moment of 0.5%5, while the dashed line to the case with an SDW tude modulation, forming islands of radil®=50 A, while the
amplitude modulation with maximum static Cu moment of &35 remaining Cu moments are not involved in static ordey. The
and modulation wave vectd=0.12x27/d (d=3.779 A) super- results for the magnetic island model wih=15 and 100 A and
imposed on the AFM correlations. The solid line shows a fit to afor the “sandwich model” where two CuQplanes adjacent to the
Bessel function(b) Results for several hypothetical muon sites nearintercalated oxygen layer do not have any static Cu moments while
the intercalated interstitial oxygen, illustrated in the inset, obtainedll the Cu moments on the other two planes are ordered. All three
for the above-mentioned SDW spin correlations. curves shown ir(b) correspond td/,=50%. The insets illustrate

these two models, with the shaded regions containing SDW modu-
low-field sites” in LCO:4.11 to intercalated oxygen. Further- lated static Cu moments and the blank regions without static Cu
more, in LSCO:0.12, there is, of course, no intercalated oxymoments.
gen, so it seems clear that the nonmagnetic sites must have a
different origin. curve forR=15 A islands shows a fast dampening of the

In Fig. 7(a), we show the line shap8,(t) calculated for Bessel oscillation, together with a slow decay of the
Cu moments in circular islands of SDW order in the GuO nonoscillating signal. In contrast, the curves R=100 A
planes, for various volume fractiong, of static Cu spins, islands and for the sandwich model exhibit a long-lived
assuming the radiuR of the circular islands to beR  Bessel oscillation, with little decay of the nonoscillating sig-
~50 A. Bessel function line shapes are obtained with anal.
common frequency, while the regions without static Cu mo- After generating line shapes for the SDW-island model,
ments account for the zero-field sites. The size of the magwe have fitted the simulation results to the functional form of
netic island is reflected in the dampening of the Bessel osEq. (3). Figure 8a) shows the resulting magnetic site frac-
cillation. tion Vv, as a function of volume fraction containing static Cu

In Fig. 7(b) we compare the results of simulations for two spin orderV,. We see thaV,, increases linearly with in-
different geometries. One is for circular magnetic islandscreasing Cu fraction, with a slope that is independent of is-
with V¢,=50% andR=15 and 100 A. The other corre- land sizeR. The site fractionV, becomes nearly 100% at
sponds to an “ordered sandwich” model, where two out ofVc,~75%. This implies that even the observation of a mag-
every four Cu@ planes contain completely ordered SDW Cu netic ©SR signal corresponding td,=100% cannot rule
spins while the other two planes, presumably those adjacemiut the existence of regions of nonordered Cu moments in
to the intercalated O layers, have no static Cu spins. The-25% of the volume. By using the relationship betw&gn
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x 02| * } 4 . | FIG. 9. ProbabilityP(r) that Cu spins belong to a certain cluster
0.0 1 1 ! 1 ; versus the distance from the center of an of radius the cluster.
0O 20 40 60 80 100 We assume that all the spins in a given island are correlated, and the

Static Cu Fraction vV, (%) correlation extends if there is any small overlap between adjacent

islands on a given Cufplane, as illustrated in the upper figure. For
example, a Cu spin at a distancecontributes “1.0” for the prob-
ability, while that atr, gives “0.0” contribution. We average over
all the possible cluster/island configurations to calcuR¢e).

FIG. 8. (&) The volume fractiorV,, of muon sites with a static
magnetic field larger than-30 G, calculated in simulation as a
function of the volume fractioV, of the static Cu momentb)
The relaxation raté of the Bessel function oscillation, obtained by
fitting the simulation results with Ed3), plotted as a function of

Veu: The experimental results for LCO:4.02aw datah 411 ShOWN o 0" o nsiderations lead us to estimBte15-30 A for
by an open star symbol and corrected dafp,, by a closed star the average radius of the static magnetic islands in
symbo) allows estimation of the size of magnetic islands. The aS_LCO'4 11 gA imil sis f LSCO'g 12 d ai
terisk shows the relaxation rate expected for the sandwich model. L simiar analysis for o would give
roughly the same estimate f& However, because the os-

and V. we estimate as lower limit§/-~27% for our cillation amplitude in LSCO:0.12 is much smaller than that
Cu» Cu

crystal of LCO:4.11 and~10% for LSCO:0.12. Of course, in L.CO:4.11, the analysis would be less reliable.

this same possible difference betwegnpandV, applies in theltézstljsv(\?igr? Sé'g(ilto?ﬁéa'g;tfggzxg“? {?tesﬁ)ésvendﬁ]d for
all other copper oxide SDW systems. : M '

n Fig. oo, e show the ampening ateor th Besse 119,201 (e stk ool nates il e model e
function oscillation. We find that a smaller radi&sof the 9 P

; ; c ; .

island results in a largek. We also fit the observed spectra lngv;[/he relaﬁqtlorAA_ll opselrvehd |n.LtQO.4.3j1.I for th

in LCO:4.11 with Eq.(3) and plot the corresponding point in /VE now dISCUSS a SImple heuristic modet for the propa-
Fig. 8b) (open star symbal The resultA , ;= 1.25us L gation of magnetic o_rder_ betvv_een th_ese_presum_ed islands. If
agrees well with the simulation fdR= 15 A In actual sys- we assume that spins in neighboring islands in the same

tems, however, additional factors cause dampening of thguoz plane are correlated when there is any overlap in the

Bessel oscillation, such as variations in the muon site',SI‘"’mOIS area, as illustrated in Fig. 9 we can estimate the

nuclear dipolar fields, and the effects of imperfections. effective correlation length of the spin order. For various

To account for these additional effects, we have fit thevalues ofVe, we have calculated the probability that the

spectrum of AF-LCO atT=20 K in Fig. 4b) with the direction of the Cu spins in the magnetic islands, located at a

; o - distancer from a Cu spin in the center of a magnetic island,
simple form cosgt+ ¢) multiplied by an exponential decay . ) o ;
exp(—At), and obtainA xe~0.81us . Assuming thath e is correlated with the direction of the Cu spinrat0. The

represents the additional relaxation contributions, we havée.sunS of this cal_culanon, show_n In F'g.' 9 suggest that even
obtained a corrected relaxation rate from with the assumption that the spins are in islands, the order in

a given plane may nevertheless propagate over long dis-

AS =(A2,,—A2)2 (6)  tances. However, fo_VCuz 30% f[he correlation Iength_from

Fig. 9 is only ~3 times the size of the magnetic island,
That is, we assume that the decay constants add iwhereas the narrow SDW peaks observed in neutron scatter-
quadrature. ing measurements indicate that the static spins are correlated

A% 11 is shown by the closed star symbol in FighB
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FIG. 10. lllustration of percolating cIu.ster islanda)—(c) show FIG. 11. Schematic view of experimental configurations of

ﬂ'ansverse fielduSR (TFuSR) measurements employed in the
resent work with the external field applied para(léll-I) and per-

pendicular(CT-11) to thec axis of the single crystal.

area fraction of 30%(d) shows the overlap dfa)—(c). (d) demon-
strates that most of the islands belong to the percolating cluster
we allow correlations of spins in “overlapping islands” on all the
three planes.

IV. SUPERCONDUCTING PROPERTIES

over very large distances>600 A) within the plane® TF-uSR measurements allow us to derive the magnetic
Therefore, some additional mechanism to increase the coffield penetration depth from the superconducting contribu-
nectivity is required. tion o of the muon spin relaxation rate as<\ ~2«ng/m*

The results in Fig. 9 are obtained assuming no spin cortsuperconducting carrier density/effective ma3#is rateo
relations between magnetic islands belonging to differenteflects the inhomogeneity of the magnetic field in the flux
neighboring Cu@ planes. The neutron measurements ofvortex structure, which varies over a length scale of
LCO:4.11(Ref. 16 indicate that the static SDW order exhib- ~1000-3000 A. Any heterogeneity in the superconducting
its short range correlations along thexis direction with @ properties at length scales shorter than this will be averaged
correlation length of-13 A, somewhat larger than twice the out. Thus,xSR probes superconductivity with-a100 times
distance between adjacent Cuflanes. Such spin correla- coarser spatial resolution than that with which it probes static
tions along thec axis direction would further increase the magnetism. In HTSC systems without any static magnetic
size of the correlated clusters shown in Fig. 9. For examplegrder, the line shapes in TESR spectra can be used to
if we allow correlations when any overlap exists among ar-study more detailed spatial features, such as the size of the
eas of the islands projected to the adjacent island on neiglvortex core regioff® In the present case, with co-existing
boring planes, the effective number of islands contributing tosuperconductivity and static magnetic order, however, de-
the “connectivity” would increase at least by three times tailed line-shape analyses become very difficult.
compared to the case without interplane correlations. This is We have performed TESR measurements by rotating
because all the islands on a given Gu@lane plus those on the incident muon polarization to be perpendicular to the
the upper and lower planes would participate in the CorrelabeamF3M¢2 and applying an external field parallel zawith

tions. . i . 2
In Fig. 10, we illustrate this by showing randomly posi- the ¢ axis of the specimen mounted either parallett@on-

tioned islands of 30% integrated area fraction in three differ{iguration CT-) or perpendicular t@ (configuration CT-l},
ent planega)—(c). When we overlap these planes, almost all&s illustrated in Fig. 11. The muon spin polarization function
the islands achieve percolation, as shown in Fig(dl0 Gx(t) is measured using two sets of counters placedUp
Moreover, there could be further contribution from islandsand down(D) of the incident beam.

on the second neighbor planes which would enhance connec- As shown in Figs. 1&) and 12b), we observe a larger
tivity within the first neighbor planes. In this way, we expect relaxation in CT-I, the geometry reflecting the in-plane pen-
a strong tendency towards percolation of spin correlationgtration depth\ 5, than in CT-1l. We have analyzed the TF-
among randomly positioned magnetic islands. MmSR results by assuming the existence of a static internal
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o I(b) CT—HI ' FIG. 13. Temperature dependence of the superconducting relax-
o5 8 2 & ! : B 3 oz 3 ation rate ¢ due to superconducting flux vortices, observed in
oo | f¢ 8 11§ b ooy R q i 4 k TF-uSR measurementsvith the CT-I configuratiohin La,CuQ, 1,
3§t |3 po 4 it R B OA (LCO:4.11) and La gl 1,CUO, (LSCO:0.12. The broken lines
> 005 1 f are guides to the eye.
@ 0.00 4
E_O.OS i same trajectory as other LSCO systems. We have also in-
@ L cluded a point for LESCQEuU0.1, Sr0.15; ceramicwhich
<-0.10 | ] R - exhibits static magnetic order with/,~50% #%°*°° This
o |8 ¢ E ¢ & C : T ¢ I point again falls on the trajectory. The correlation in Fig. 14
020 k R | suggests thatreng/m* at T—0 is a determining factor for
LCO:4.11 H_=kG LT T=3K T. in HTSC systems with static stripe freeziflgresent sys-
025 280 4(;0 680 8(')0 oo tems and LESCDin a way similar to the case for
Time (ns) underdoped?*° Zn-doped?? and overdopett*® HTSC sys-

tems.
FIG. 12. Time spectra of the muon spin polarization observed in
TF-uSR in LCO:4.11 obtained usin@ CT-I and (b) CT-1l con-
figurations.(a) shows faster damping thdh), reflecting the shorter
penetration depth for the external field applied perpendicular to theA. Interplay between magnetic and superconducting volumes
CuG, plane_s. T_he effec_t from sup'e_rconductivity alone i; shown by Comparing the results af to those observed in ceramic
the dotteq Ilpe ina), while the.addltlonal effect from static magne- | sco systems, assuming that is independent of doping,
tism, multiplied to the dotted line, results in the observed relaxalon.[he results for LCO:4.11 and LSCO:0.12 correspond to vol-
ume average hole densities 6f0.14+/—0.02 and 0.10
field in a volume fractionV,, of muon sites, having the dis- +/—0.02 holes per Cu, respectively. In view of the large
tribution in magnitude and direction estimated from the ZF-systematic errors, however, we cannot use these results to
nSR measurements. We have then added vectorially the exlistinguish whether the volume without static magnetism
ternal field, with a Gaussian broadening due to supercondud¢- — V) alone or the total volume carries superconductivity.
tivity. For the “zero/low-field muon sites” with volume frac- We can rule out, however, a case where superconducting
tion (1-V,), we assume that the muon sees only the nucleacarriers exist only in the magnetic volumé,, since the
dipolar fields and the Gaussian-broadened external field. Wecal hole-concentration for this model would need to be
fit the observed data with this model, and derive the Gausainrealistically larggmore than 0.3 holes per Cto account
ian half width at half maximum of the superconducting con-for the observed value of volume integrated m*, which is
tribution equal too/y,, . Figure 12a) shows the calculated comparable to those in LSCO systems in the optimum-
contributions to the relaxation from superconductivity anddoping region. So far, a clear indication of mutually exclu-
static magnetism, separately. sive regions with static magnetism and superconductivity has
The temperature dependenceafobserved in the CT-I been obtained only in uSR measurements in
configuration, is shown in Fig. 13 for LCO:4.11 and (La,Eu,SryCuQ, (LESCO),****% which demonstrate that
LSCO:0.12. The relaxation rate shows a gradual increasthe superfluid densitps/m* scales as (+V,).
with decreasing temperature beld@w. To compare the val- In  previous work on LasNdysSrh:Cu0Q, and
ues of ¢(T—0) with those observed in ceramic specimensLa, ,4Nd, St ,Cu0,, 3 which are superconducting below
of other HTSC systenS, >*we multiply by 1/1.4 to account T.~7 and 12 K, respectivelyy,,~100% was found. This
for the effect of the anisotropic penetration depthVe then  result could be interpreted as evidence of spatial overlap of
add the corresponding points to the ploteefT—0) versus regions supporting superconductivity and regions having
T. in Fig. 14. The points for the present systems lie on thestatic spin order. The relationship in Figiad however, in-

V. DISCUSSION AND CONCLUSIONS
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125 - . . systems to a “microscopic phase separation,” such as the one
2223 seen in superfluidHe/*He films adsorbed in porous media /
oo | | fine powderg$®®’

In the present work on LCO:4.11, as well as a previous
09 70-08 200 SR study on LCO:4.02 and LCO4.6%the onset of super-
75 L © © i conductivity occurs around the temperature below which the
volume fraction of static magnetism increases with decreas-
ing temperature. This apparent coincidenceTgfand Ty

Transition Temperature T [K]

s0 |12 Tizzo1 ] could be expected if a microscopic rearrangement of charge
c e distribution occurs aff.~Ty to separate the electron sys-
% # 21 21Stripe S tems into hole-rich regions which support superconductivity
254 214(zr) A and hole poorx~1/8 for LCO:4.11 and~0 for LCO:4.02
<, Bi2212 O and LCO:4.04 regions which support static magnetism.
o . . . Recently, Kivelsoret al®® have proposed a model with a
0 1 2 3 4 particular type of phase separation to explain the sharp rise

of v and gradual increase df., below Ty seen in the
present study of LCO:4.11. Their model also predicts a trade
FIG. 14. A plot of the superconducting transition temperafiye  Off of superconducting and magnetic volumes beldw
versus the relaxation rate(T—0) at low temperaturegpropor- ~ ~ Ty . The gradual change of bo#(T) andV ,(T) below
tional to the superfluid densitys/m*) for several high¥, super- T.~Ty in LCO:4.11[Figs. 3a and 13, however, seems
conductors(Refs. 49-52 The results with the “stripe square” inconsistent with such a trade off.
symbols represent points from LESC(Refs. 54 and 5B The superconductin@, and the magnetid, appear at
LSCO:0.12, and LCO:4.11 in the order of increasindl —0). To  different temperatures ipSR measurements of LSCO:0.12
account for difference between results for ceramic and singleas well as in various LNSCO and LESCO systems, with
crystal specimens, the values ferfor LCO:4.11 and LSCO:0.12in | SC0:0.12 havingT.>Ty and the other materials having
the CT-I configuration were multiplied by 1/1.4. Tn>Te. It should be noted that neutron measurements give
T.=Ty in LSCO:0.12, whileTy determined byuSR is

dicates that/, for this system can be smaller than 100%./0wer, presumably due to difference in time windows be-

This leaves open the possibility that superconductivity withtWe€n neutron and muon measurements. In these systems the

reducedT, survives in a small remaining volume fraction frequencyy Increases W't.h decreasmg temperature gradually

(1—Vcy) ~20%, while superconducting regions and regionsbeIOWTN' as shown in Fig. &), and in R_efs. 88-42. Thus, .

with static magnetism are mutually exclusive. the abrupt development of the magnetic order parameter is
The situation with magnetic islands, having length scalesnOt a common feature of all the HTSC systems.

comparable to the in-plane superconducting coherence _ o

length, resembles the “swiss cheese modefor Zn-doped B. Bragg peak intensity in LCO:4.11 and AF-LCO

HTSC systems, where a nonsuperconducting region of com- \we can estimate the Bragg peak intensify, 1, expected
parable size is created around each Zn. This model was prgn neutron scattering measurements on LCO:4.11 from the
posed based on theSR results for the reduction of,/m* ;SR resultsl ., 1, should be reduced from the valiig o
as a function of Zn concentratiGh,and was recently con- in AF-LCO by a factor 0.5 for the SDW amplitude (§n
firmed by direct measurements of scanning tunnelling mitimes the ratio of the maximum static moments (0.36/0.55)
croscopy (STM).>” The uSR results for overdoped HTSC times the volume fraction of magnetic Cu atoiis,=0.27.
systems can also be explained if one assumes spontanedlisus, we predict as a rough estimége, 1,=0.08 .5 . This
formation of hole-rich nonsuperconducting islands embedvalue agrees well with the observed neutron resigts
ded into a sea of hole-poor superflGtP-°The correlation ~=0.07g.. In Ref. 16 it is assumed that three out of four
betweenT, and ng/m* survives in all these systems, as copper ions are magnetic and that they are distributed uni-
shown in Fig. 14. We note that similar microscopic hetero-formly throughout the entire volume, so a smaller average
geneity in the superconducting state has also been found imoment per Cti" of 0.15ug is inferred.
recent STM measurements on underdoped Bi2212 sy$fems. We note, however, that estimates of the ordered moment
The T, vs ng/m* correlations are robust against various size from neutron studies and frogSR often disagree with
perturbations in HTSC materials, such as those caused by Zme another. For example, the éléemperature in antiferro-
impurities, overdoped fermion carriers, and the formation ofmagnetic LaCuQ,, s varies from Ty~300 K to Ty
static magnetic islands, seen in the present work. This iss100 K with a small variation inS. In neutron scattering
analogous to the robustness of correlations between the sstudies of these AF-LCO systems, the Bragg peak intensity
perfluid transition temperature and the two-dimensional sutgz shows a reduction, by more than a factor of 10, with
perfluid density in thin films ofHe and®He/*He adsorbed decreasind .2 In contrast, the frequency of ZESR spec-
in porous and nonporous med?®® Based on these obser- tra shows only a 20% change in the local frozen moment for
vations, one of u8~*%°pointed out a possible relevance of the same reduction &fy . TheseuSR and neutron results on
these heterogeneous electronic/magnetic features in HTSEF-LCO are compared in Ref. 28. Since th&R frequency

Relaxation Rate o(T-0) [us™]
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H In nearly optimally doped LSCO, Laket al.”? have re-
cently found that low-energy neutron scattering intensity, be-
H low the energy transfer corresponding to the superconducting
energy gap, increases at temperatures well b&lgwwhen a
high external fieldH ., is applied along the axis. This phe-
: nomenon may also be related to the magnetic response from
|m @ the flux-core regions, since the increase of the intensity sets
! i in at the flux-depinning temperature. A rather surprising fea-
‘ ture of this study is the sharpness of the observed low-energy
fluctuations in momentum space, suggesting long-range spin
R~Ey correlations among widely separated vortex core regions. We
point out here that, similar to the static order, this requires
FIG. 15. An illustration of magnetic islandshaded circlesand ~ 10Ng range coupling between vortex cores.
vortex cores(open circley on the CuQ planes of HTSC systems
under an external magnetic field applied along d¢treis direction.
When a core is located at the magnetic island, one expects an in- D. Conclusions
crease in thg radius of the nonsuperco_nd_ucting region due to super- In summary,
current flowing around such a magnetic island.

>

P

A
N
.

we have performed ZESR measurements
using LCO:4.11 and LSCO:0.12 single crystals, and have

is directly proportional to the magnitude of neighboring found th_at static incommensurate S_DW spin freezing, with
static Cu moments, the reduction b§ in neutron studies e Maximum ordered Cu moment size of Qi36 develops
cannot be ascribed to a change of individual Cu momenPnly in @ partial site fraction. We assumé,~40% for
size. The likely reason for the strong reductionlgfis a ~ -CO:4.11 and~18% for LSCO:0.12, and specific modeling
progressive trade off between the true long range orderedtggests that the correspond_lng ordered Cu fractions may be
component and short range spin glass fluctuations which réomewhat smaller. Comparison of observed results with
cent work® has shown involves fluctuations into the diago- COMputer simulation suggests the formation of static mag-

nal stripe spin glass phase with hole concentration 6f02.  N€tic islands on the Cufplanes having siz&=15-30 A,
comparable to the in-plane superconducting coherence

length &,,. Order between these islands nevertheless propa-
gates over long distances to yield a correlation length in

Recently Khaykovichet al** have made measurements excess of 600 A.
on LCO:4.11 in high magnetic fieldd., applied parallel to We stress that LCO:4.11, which is a stoichiometric single
the c axis. By increasing the external field froRe,=0 to  crystal, has the least built-in randomness among the various
Hex=9 T, they have found a factor2 increase of the HTSC systems that exhibit static incommensurate magnetic
intensityl g of the magnetic Bragg peak &t—0 for a crystal  correlations. Yet the present work demonstrates that the
similar to the one studied here. The superconduclipgs  ground state is a mixture of magnetically ordered and at best
suppressed b, while Ty remains nearly unchanged up weakly ordered regions. Near phase boundaries or quantum
to He™=9 T. A similar increase of Bragg peak intensity in critical points in strongly correlated electron systems, such
high fields was also observed by Kataretal”® in  microscopic heterogeneity could result from competition of
LSCO:0.12. the different order parameters involved. Related phenomena

Application of Hg,; perpendicular to the Culplane cre- have been observed, for example, in the formation of stripe
ates vortices. The vortex core, with radius comparable to thenagnetic correlations in manganiféand the development
in-plane coherence length,,~30 A becomes normal, as of stripe domains in LSCO witkk~0.01 to 0.02* These
illustrated in Fig. 15. These normal cores could have statiobservations encourage further theoretical studies of elec-
magnetic order similar to that in the surrounding magnetidronic states involving spontaneous formation of heterog-
islands. enous regions in competing order parameter systems.

The fraction of the area contained in vortex cores may be Our TFuSR measurements in these systems demonstrate
estimated from the upper critical field, since that is the fieldthatn,/m* at T—0 exhibits correlations witfi . not only in
at which the cores fill the entire area. Usii},=40 T, underdoped, Zn-doped, and overdoped HTSC systems but
found for optimally doped LSC® we expect that only also in the present systems with static SDW spin freezing.
~1/4 or less of the area that is superconductingigt=0 Recent measurements of the penetration depth in
would be turned into a normal core d.,=9 T in  (BEDT-TTF),Cu(NCS), in applied pressur€ and inA;Cg
LCO:4.11. However, this is sufficient to explain the factor systems?’’suggest that these correlations are followed also
~2 increase in the Bragg peak intensity if the zero-fieldby organic and fullerine superconductors.
sample has ordered moments in orh27% of its volume We have proposed a model for explaining the rather long-
and if the magnetism in the cores is coherent with the longange spin correlations in these systems, resorting to “con-
range order present at zero field. We are currently undertakzectivity” of neighboring magnetic islands on the same and
ing SR studies of LCO:4.11 in high applied magnetic adjacent Cu@ planes. We have also suggested that static
fields, which will be reported in future publications. magnetism in the vortex core region can provide explana-

C. Neutron results in high magnetic fields
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