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Muon spin relaxation studies of incommensurate magnetism and superconductivity
in stage-4 La2CuO4.11 and La1.88Sr0.12CuO4
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We report muon spin relaxation (mSR) measurements using single crystals of oxygen-intercalated stage-4
La2CuO4.11 ~LCO:4.11! and La1.88Sr0.12CuO4 ~LSCO:0.12!, in which neutron scattering studies have found
incommensurate magnetic Bragg reflections. In both systems, zero-fieldmSR measurements show muon spin
precession below the Ne´el temperatureTN with frequency 3.6 MHz atT→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 model with~a! incommen-
surate spin amplitude modulation with the maximum ordered Cu moment size of;0.36mB , ~b! static Cu
moments on the CuO2 planes forming ‘‘islands’’ having typical radius 15–30 Å, comparable to the in-plane
superconducting coherence length, and~c! the measured volume fraction of magnetic muon sitesVm increasing
progressively with decreasing temperature belowTN towardsVm;40% for LCO:4.11 and 18% for LSCO:0.12
at T→0. These results may be compared with correlation lengths in excess of 600 Å and a long range ordered
moment of 0.1560.05mB measured with neutron scattering techniques. In this paper we discuss a model that
reconciles these apparently contradictory results. In transverse magnetic fieldmSR measurements, sensitive to
the in-plane magnetic field penetration depthlab , the results for LCO:4.11 and LSCO:0.12 follow correlations
found for underdoped, overdoped and Zn-doped high-Tc cuprate systems in a plot ofTc versus the supercon-
ducting relaxation rates(T→0). This indicates that the volume-integrated value ofns /m* ~superconducting
carrier density / effective mass! is a determining factor forTc , not only in high-Tc cuprate systems without
static magnetism, but also in the present systems where superconductivity coexists with static spin-density-
wave spin order.

DOI: 10.1103/PhysRevB.66.014524 PACS number~s!: 74.25.Ha, 76.75.1i, 74.72.Dn, 75.25.1z
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I. INTRODUCTION

The interplay between superconductivity and magnet
is one of the central issues of high-Tc superconductivity
~HTSC!, which has been extensively studied both expe
mentally and theoretically.1 In particular, dynamic2–8 and
static9–16 spin correlations with incommensurate wave ve
tors have been found by neutron scattering. These, as we
x-ray photoelectron studies,17–19 have been discussed i
terms of a ‘‘stripe’’ modulation of the spin and charg
densities.20–23 Yet it has not been clear whether static ma
netism supports or competes with superconductivity, or if
magnetism and superconductivity coexist in the same mi
0163-1829/2002/66~1!/014524~14!/$20.00 66 0145
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scopic regions of the CuO2 planes or in different regions
While neutron measurements make it clear that long ra
magnetic order exists, the Bragg peak intensity integra
over the sample volume and is not, therefore, sensitive
microscopic spatial variations in the order parameter.

Muon spin relaxation (mSR) measurements24,25provide a
complementary probe in this regard. In a magnetic mate
having a heterogenous structure, such as ‘‘magnetic’’ a
‘‘nonmagnetic’’ regions,mSR data are composed of two di
ferent signals, corresponding to different environments w
signal amplitudes roughly proportional to their volume fra
tions. Local magnetic fields at muon sites result primar
from the dipolar interaction. In antiferromagnetically order
©2002 The American Physical Society24-1
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systems the local field decays very quickly with increas
distance from ordered spins, resulting in an effective rang
the field of ;10–15 Å in cuprate systems. Thus, any h
erogeneous magnetic structure in HTSC, having a len
scale larger than this, should produce multiple and dis
guishablemSR signals.

In this paper, we report zero-field~ZF! and transverse
field ~TF! mSR measurements in a single crystal
La2CuO4.11 ~LCO:4.11! where excess oxygen is intercalat
in a stage-4 structure.16 This system is superconducting b
low Tc;42 K. Observation of sharp satellite Bragg peaks
neutron scattering indicates static long range (.600 Å) spin
density wave~SDW! order belowTN;42 K. The modula-
tion wave vector of the SDW is comparable to those o
served in La22xSrxCuO4 ~LSCO! and La22x2yNdySrxCuO4

~LNSCO! systems with the hole concentrationx;0.125.9,12

The LCO:4.11 system is especially interesting since~a! it has
the highest superconductingTc in the 214 family of materi-
als,~b! it has a rather high magneticTN , which is very close
to Tc , and well developed long range magnetic order bel
TN , ~c! there is no randomness arising from Sr substituti
and the intercalated oxygen ions are three dimensionally
dered. Preliminary results and analysis of our ZF-mSR in
LCO:4.11 have been presented at a recent conference.26

We also report mSR results in a superconductin
La1.88Sr0.12CuO4 ~LSCO:0.12! single crystal with Tc
;30 K which exhibits magnetic Bragg peaks in neutr
scattering.13 Comparing these results with those of a simu
tion of the local field distribution at possible muon sites, w
examine various models for the magnetically ordered
gions. The interplay between superconductivity and mag
tism is discussed in the context of the superfluid den
ns /m* derived from TF-mSR results.

mSR studies of magnetism in HTSC systems started
1987 with studies of antiferromagnetic La2CuO4
~AF-LCO!,27 which provided the first evidence of static ma
netic order. Subsequently,mSR studies on La2CuO4,28

(La,Li)2CuO4,29 La22xSrxCuO4,30–34 and YBa2Cu3Oy ,34,35

were performed to characterize magnetic phase diagrams
function of hole concentration and also to study details of
spin glass states nearx50.05.

mSR measurements of HTSC systems with hole c
centration x near 1/8 were first performed i
La1.875Ba0.125CuO4.36 These detected static magnetic ord
below TN532 K and a Bessel functionmSR line shape,
characteristic of spin density wave systems. A reduction
Tc , associated with an increase of the muon spin relaxa
due to quasi-static magnetism, was also found bymSR in
La22xSrxCuO4 near x50.12.37 Recent mSR studies on
(La,Nd,Sr)2CuO4 ~LNSCO!,38,39 (La,Eu,Sr)2CuO4
~LESCO!,40,41 and La1.875Ba0.1252ySryCuO4 ~LBSCO! ~Ref.
42! found the characteristic Bessel function line shape w
the same frequencyn;3.5 MHz in all these systems. In th
latter studies the primary emphasis was determining
magnetic phase diagram as a function of rare-earth and
concentrations. Although the existence of ‘‘zero/low fie
muon sites,’’ expected for decomposition of the system i
regions with and without static magnetic order, was d
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cussed in these reports,40,42 a systematic study of magneti
volume fraction was not made.

Previously, Pomjakushinet al.43 reported amSR study for
single crystal specimens of La2CuO41y doped with oxygen,
with y50.02 ~LCO:4.02! and 0.04~LCO:4.04!, which have
compositions in the miscibility gap between AF-LCO an
the stage-6 superconducting compound. In zero field, t
observedmSR precession signals identical to those found
AF-LCO. With decreasing temperature in LCO:4.02, the a
plitude of this oscillatory signal increased from nearly ze
above the superconductingTc;15 K to more than a half of
that in AF-LCO atT→0. In LCO:4.04, the oscillatory signa
appeared belowT;230 K with an amplitude correspondin
to approximately a 10% volume fraction for the AF regio
and then exhibited a sharp increase below the supercond
ing Tc;25 K to about a half volume fraction atT→0. In
both cases, the amplitudes of the AF oscillation exhibited
increase belowTc . The diamagnetic susceptibility of th
LCO:4.02 specimen was, however, destroyed by a small
plied field, indicating rather fragile superconductivity. Lac
of information about the crystal orientation in themSR mea-
surements prevented a reliable estimate of the volume f
tion in this study.

In Sec II we present experimental details and results
the ZF-mSR measurements. Section III contains our simu
tion based on a model in which the sample contains mic
scopic regions where there is full magnetic order and ot
microscopic regions where the magnetic fields are too sm
to cause muon precession. In Sec. IV we present result
measurements in a transverse magnetic field that are s
tive to the superconductivity. Finally in Sec. V we discu
the results and draw conclusions.

II. ZERO FIELD µSR MEASUREMENTS

Single crystals of LCO:4.11 and LSCO:0.12 have be
prepared as described in Refs. 16 and 13, which report n
tron scattering studies of these crystals, respectively.
excess-oxygen doped La2CuO41y sample is prepared by
electrochemically doping a single crystal of pure La2CuO4
which is grown by the traveling solvent floating-zon
method. The crystal has a mass of 4.21 grams and is cy
drical in shape. As a result of twinning, there are equal po
lations of two twin domains with either thea or b crystallo-
graphic axis~in orthorhombic notation! nearly parallel to the
cylinder’s long axis. In both twin domains, thec axis is per-
pendicular to the long axis. Thermogravitimetric analysis
our samples has been performed on two smaller La2CuO41y
crystals withTc542 K. We find oxygen concentrations o
y50.10(1) andy50.12(1). The largecrystal has the same
Tc , so its oxygen concentration is expected to correspon
y50.11(1).

Neutron diffraction measurements have shown that
material has a structural modulation along thec axis corre-
sponding to stage-4.16 Further details regarding the chara
terization of the stage-4 crystal by neutron scattering, susc
tibility, and transport techniques may be found in Refs.
and 44.
4-2
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mSR measurements were performed at TRIUMF, usin
surface muon beam with an incident muon momentum of
MeV/c, following the standard procedure described in Re
24 and 25. We employed the so-called ‘‘low-backgroun
muon spectrometer, which has the capability of veto
events from muons landing in areas other than the specim
to ensure much less than;10% background signal in ou
mSR data. In ZF-mSR, we observed positron time spectra v
counters placed forward~F! and backward~B! to the incident
beam direction (ẑ), with the polarization of incident muon
PW m antiparallel to ẑ. The muon spin relaxation functio
Gz(t) was obtained from forward~F! and backward~B! time
spectra as

Gz~ t !5@B~ t !2F~ t !#/@F~ t !1B~ t !#, ~1!

after correcting for the difference in effective solid angles
the F andB counters. As illustrated in Fig. 1~a!, two sets of
measurements were made with thec axis of the specimen
mounted parallel~configuration CZ-I! and perpendicular
~CZ-II! to ẑiPW m .

Figures 2~a! and 2~b! show the muon spin polarizatio
function Gz(t) observed in these two crystals for CZ-I an
CZ-II. Also included are the results obtained for ceram
specimens of nonsuperconducting La1.875Ba0.125CuO4
~LBCO:0.125! ~Ref. 36! and La1.475Nd0.4Sr0.13CuO4
~LNSCO:0.13!.38

We see almost no relaxation aboveTN in the time range
t<1 ms. BelowTN;42 K of LCO:4.11 andTN;20 K of
LSCO:0.12, a small oscillatory component appears, wit
Bessel-function line shape characteristic of muon preces
in SDW systems.45,46 The amplitudeAor of this oscillating
and relaxing signal is limited to about 34%~CZ-I! and 24%
~CZ-II! at T→0 for LCO:4.11, and 20%~CZ-I! and 10%
~CZ-II! for LSCO:0.12. If we define the internal field at
muon site asHW and u is the angle betweenẑ and HW , as
illustrated in Fig. 1~b!, the oscillatory/relaxing amplitude
represents sin2(u) averaged over all the muon sites. In a c
ramic specimen which undergoes magnetic order in 100%
the volume, this amplitude is 67% (52/3), as shown in the
case of LBCO:0.125. Therefore, the observed signal am
tudesAor for LCO:4.11 and LSCO:0.12 are less than half t
value expected for a sample with a SDW uniformly esta
lished throughout its volume.

In single-crystal specimens,Aor can have a small value i
the local fieldsHW for the majority of muon sites are paralle
to ẑiPW m . For this case, however, one should see a largeAor
when the crystal orientation is rotated by 90° from CZ-I
CZ-II or vice versa. Thus, our results, with smallAor values
for the both configurations, cannot be attributed to such
isotropy. In view of the symmetry of the LCO and LSC
structures, the ‘‘powder average’’ value ofAor-pwd can be
obtained26 as

Aor-pwd[~1/3!3@Aor:CZ-I12Aor:CZ-II #, ~2!

which yields 27% for LCO:4.11 and 12% for LSCO:0.1
The reduction ofAor-pwd from 66.7% indicates the existenc
of ‘‘zero/low-field’’ muon sites.
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We have analyzed the ZF-mSR data by fitting the results
at t<1ms to

Gz~ t !5Aorj 0~vt !exp~2Lt !1Anexp@2D2t2/2#, ~3!

where j 0 is the zeroth order Bessel function andAn repre-
sents the nonoscillating amplitude. The first exponential te
represents the damping of the Bessel oscillation, whereas
second describes the slow decay due to nuclear dip
fields. We obtain the volume fractionVm of muon sites that
experience the SDW field using

Vm[Aor-pwd/~2/3!, ~4!

with Aor-pwd determined from Eq.~2! at the lowest tempera
ture. We then scale the values for higher temperatures u
Aor results for the CZ-I configuration. For our fit range oft

FIG. 1. ~a! Schematic view of the experimental configurations
zero fieldmSR (ZF-mSR) employed in the present study, with th
initial muon spin polarization parallel~CZ-I! and perpendicular

~CZ-II! to the ĉ axis of the single crystal specimen.~b! The oscil-
lating part of the muon polarization signal, proportional to sin2(u),
and the nonoscillating part to cos2(u), whereu is the angle between
the local magnetic field and the initial muon spin direction.
4-3
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A. T. SAVICI et al. PHYSICAL REVIEW B 66, 014524 ~2002!
<1 ms, those muon sites withH>30 G contribute to the
first term in Eq.~3!, and thus are identified as ‘‘finite-field
muon sites.’’

Figures 3~a! and 3~b! show the temperature dependence
Vm and the oscillation frequencyn5v/2p for LCO:4.11,
LSCO:0.12, LBCO:0.125,36 and LNSCO:0.13~ceramic!.38

The common Bessel-function line shape and the nearly id
tical frequencyn;3.5 MHz ~corresponding to maximum in
ternal field of 260 G! at T→0 for all the four systems indi-
cate that the spin configurations and magnitudes of the s
Cu moments~proportional ton) surrounding the ‘‘finite-field
muon sites’’ are identical for all the four systems. The v
ume fractionVm increases progressively belowTN with de-
creasing temperature, in both LCO:4.11 and LSCO:0.12.
frequency n acquires its full value just belowTN in
LCO:4.11. In Fig. 3~c!, we compare the temperature depe
dence of the neutron Bragg-peak intensityI B of LCO:4.11
~Ref. 16! with Vm3n2 from mSR. The good agreement o
neutron and muon results indicate that these two probes
tect the same static magnetism even though the former m
sures the ordered moment over distances>600 Å. ThemSR
results suggest that the observed temperature dependen
I B should be ascribed mainly to the change of the site fr
tion containing ordered Cu spins, rather than to the incre
of the static moment on individual Cu atoms although this
model dependent.

FIG. 2. Time spectra of the muon spin polarization observed
ZF-mSR with ~a! the CZ-I configuration and~b! the CZ-II configu-
ration for La2CuO4.11 ~LCO:4.11! and La1.88Sr0.12CuO4

~LSCO:0.12!. Also included are the results for ceramic specime
of La1.875Ba0.125CuO4 ~LBCO:0.125! from Ref. 36 and
La1.47Nd0.4Sr0.13CuO4 ~LNSCO:0.13! from Ref. 38.
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To illustrate further this unusual temperature depende
of the magnetic order parameter in LCO:4.11, we comp
ZF-mSR spectra of LCO:4.11 and AF-LCO (TN>250 K) in
Fig. 4. In AF-LCO@Fig. 4~b!#, as in most conventional mag
netic systems where long-range magnetic order develop
100% of the volume, ZF-mSR data exhibit muon spin pre
cession whose amplitude is nearly independent of temp
ture, but whose frequency increases with decreasing t
perature. In contrast, for LCO:4.11@Fig. 4~a!# the oscillation
amplitude increases gradually with decreasing tempera
belowTN while the frequency just belowTN is already close
to the low-temperature value. This implies that in LCO:4.
the local order is well developed but dynamic aboveTN , and
the ordering process belowTN involves the ordering of this
local magnetism over long distances with a concomit
freezing of the spins.

y

s

FIG. 3. ~a! Volume fractionVm of muon sites with a static mag
netic field larger than;30 G and~b! frequency of the precessin
signal in La2CuO4.11 ~LCO:4.11! and La1.88Sr0.12CuO4 ~LSCO:0.12!
~from the present study!, compared with the results in
La1.875Ba0.125CuO4 ~LBCO:0.125! ~Ref. 36!, La1.47Nd0.4Sr0.13CuO4

~LNSCO:0.13! ~Ref. 38!, and antiferromagnetic La2CuO41d ~AF-
LCO! ~Refs. 27 and 28!. The broken lines are guides to the eye.~c!
Comparison of the neutron Bragg peak intensityI B in La2CuO4.11

~LCO:4.11! ~Ref. 16! with those expected from themSR results
~present study! as I B}Vm3n2. mSR and neutron results are scale
using the values nearT→0.
4-4
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MUON SPIN RELAXATION STUDIES OF . . . PHYSICAL REVIEW B 66, 014524 ~2002!
III. SIMULATION OF ZERO-FIELD µSR

To explore the possible origin of the two kinds of muo
sites, we have performed computer simulations of the lo
field distributions at possible muon sites. The location of
muon site in AF-LCO has been approximated by Hittiet al.47

to be about 1 Å away from the apical oxygen, based on
expected length of the O22-m1 hydrogen bond. We have
improved their estimate by taking into account the tilt of t
CuO6 octahedra and by comparing the observedmSR pre-
cession frequencyn55.8 MHz with the Cu long-range or
dered moment size 0.55mB in AF-LCO.16 Figure 5 shows the
location of the apical-oxygen muon site
(0.199d,0d,0.171c) in the unit cell with d53.779 Å and
c513.2 Å assumed in this simulation. Since the direction

HW is very sensitive to a small change of the tilt angle of t
CuO6 octahedra, we calculate the expected ZF-mSR line
shape for the powder average.

Figure 6~a! shows the line shape for this apical-oxyg
muon site for~1! a 100% volume fraction of antiferromag
netically ~AF! ordered Cu moments having modulation ve

FIG. 4. Time spectra of ZF-mSR measurements in~a! LCO:4.11
and ~b! AF-LCO. The amplitude of the oscillating and relaxin
signal varies in~a! belowTN without much change in the frequenc
while in ~b! the amplitude does not depend onT and the frequency
increases with decreasingT. The latter behavior is observed i
ZF-mSR of many conventional magnetic systems. The spectrum~a!,
obtained by using a low-backgroundmSR spectrometer, has th
background signal level below 0.01 in asymmetry. The spect
~b!, obtained in 1987 by using an older apparatus, has the expe
background level shown by the broken line~BG!.
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tor kAF with ordered moment of 0.55mB ~chain-dotted line!
and ~2! Cu spins with an incommensurate SDW amplitu
modulation superimposed on the antiferromagnetic corr
tions, with a maximum static Cu moment value of 0.35mB
~broken line!. Here we have assumed that the SDW prop
gation vector is along the Cu-O-Cu bond direction~i.e., 45°
to the orthorhombica and b axes! with magnitude k
52p/d30.12 (d53.78 Å is the distance between neare
neighbor Cu atoms! We have calculated the spin polarizatio
using

cos~kWAFxW !3cos~kWxW !5~1/2!cos@~kWAF1kW !xW #

1~1/2!cos@~kWAF2kW !xW # ~5!

at a given positionxW . These results confirm that the SDW
model gives a line shape nearly identical to a Bessel func
~solid line!. In AF-LCO the observedmSR results27,47show a
substantial damping of the sinusoidal precession, due to v
ous possible origins, such as nuclear dipolar fields, variati
of the muon site or crystal imperfection. To account for t
reduction of the observedmSR frequency from 5.8 MHz in
AF-LCO to 3.64 MHz atT→0 in LCO:4.11, we need to
assume that the maximum static Cu moment size in the S
modulation is;0.36mB . This may be compared with th
bare Cu moment of 1.1mB .

Since there is a substantial density of intercalated oxy
in LCO:4.11, we have also modeled the field distribution
several locations 1 Å away from the expected site of
intercalated oxygen atoms. As may be seen from Fig. 6~b!,
which displays decay curves calculated for 100% orde
SDW Cu moments with maximum moment size of 0.35mB ,
there is no muon site location having zero or low intern
field. Therefore, we cannot ascribe the existence of ‘‘ze

m
ted

FIG. 5. Crystal structure of La2CuO4, shown with the positions
of intercalated interstitial oxygen and the assumed muon site
(0,0.751,2.257) Å within the unit cell near an apical oxygen. T
arrows attached to O22 in the center of the figure show the directio
of tilting ~about 5°) of the CuO6 octahedra.
4-5
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A. T. SAVICI et al. PHYSICAL REVIEW B 66, 014524 ~2002!
low-field sites’’ in LCO:4.11 to intercalated oxygen. Furthe
more, in LSCO:0.12, there is, of course, no intercalated o
gen, so it seems clear that the nonmagnetic sites must ha
different origin.

In Fig. 7~a!, we show the line shapeGz(t) calculated for
Cu moments in circular islands of SDW order in the Cu2
planes, for various volume fractionsVCu of static Cu spins,
assuming the radiusR of the circular islands to beR
;50 Å. Bessel function line shapes are obtained with
common frequency, while the regions without static Cu m
ments account for the zero-field sites. The size of the m
netic island is reflected in the dampening of the Bessel
cillation.

In Fig. 7~b! we compare the results of simulations for tw
different geometries. One is for circular magnetic islan
with VCu550% andR515 and 100 Å. The other corre
sponds to an ‘‘ordered sandwich’’ model, where two out
every four CuO2 planes contain completely ordered SDW C
spins while the other two planes, presumably those adja
to the intercalated O layers, have no static Cu spins.

FIG. 6. Simulation results of the muon spin polarization fun
tions in La2CuO4 obtained for static magnetic order involving a
the Cu moments. An angular average is taken to represent th
sults for ceramic specimens.~a! Results for the muon site near th
apical oxygen~see Fig. 5!. The dotted line corresponds to the ca
with antiferromagnetic~AFM! spin correlations with the static C
moment of 0.55mB , while the dashed line to the case with an SD
amplitude modulation with maximum static Cu moment of 0.35mB

and modulation wave vectork50.1232p/d (d53.779 Å) super-
imposed on the AFM correlations. The solid line shows a fit to
Bessel function.~b! Results for several hypothetical muon sites ne
the intercalated interstitial oxygen, illustrated in the inset, obtai
for the above-mentioned SDW spin correlations.
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curve for R515 Å islands shows a fast dampening of t
Bessel oscillation, together with a slow decay of t
nonoscillating signal. In contrast, the curves forR5100 Å
islands and for the sandwich model exhibit a long-liv
Bessel oscillation, with little decay of the nonoscillating si
nal.

After generating line shapes for the SDW-island mod
we have fitted the simulation results to the functional form
Eq. ~3!. Figure 8~a! shows the resulting magnetic site fra
tion Vm as a function of volume fraction containing static C
spin orderVCu. We see thatVm increases linearly with in-
creasing Cu fraction, with a slope that is independent of
land sizeR. The site fractionVm becomes nearly 100% a
VCu;75%. This implies that even the observation of a ma
netic mSR signal corresponding toVm5100% cannot rule
out the existence of regions of nonordered Cu moment
;25% of the volume. By using the relationship betweenVm

-

re-

r
d

FIG. 7. Simulation results of the expected muon spin polari
tion functions for ceramic specimens of La2CuO4, obtained for the
muon site near the apical oxygen and an SDW modulation wit
maximum static Cu moment of 0.35mB and modulation vectork
50.1232p/d. ~a! corresponds to magnetic island model where
Cu moments in a volume fractionVCu order with the SDW ampli-
tude modulation, forming islands of radiusR550 Å, while the
remaining Cu moments are not involved in static order.~b! The
results for the magnetic island model withR515 and 100 Å and
for the ‘‘sandwich model’’ where two CuO2 planes adjacent to the
intercalated oxygen layer do not have any static Cu moments w
all the Cu moments on the other two planes are ordered. All th
curves shown in~b! correspond toVCu550%. The insets illustrate
these two models, with the shaded regions containing SDW mo
lated static Cu moments and the blank regions without static
moments.
4-6
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and VCu, we estimate as lower limitsVCu;27% for our
crystal of LCO:4.11 and;10% for LSCO:0.12. Of course
this same possible difference betweenVm andVCu applies in
all other copper oxide SDW systems.

In Fig. 8~b!, we show the dampening rateL of the Bessel
function oscillation. We find that a smaller radiusR of the
island results in a largerL. We also fit the observed spect
in LCO:4.11 with Eq.~3! and plot the corresponding point i
Fig. 8~b! ~open star symbol!. The resultL4.1151.25ms21

agrees well with the simulation forR515 Å. In actual sys-
tems, however, additional factors cause dampening of
Bessel oscillation, such as variations in the muon s
nuclear dipolar fields, and the effects of imperfections.

To account for these additional effects, we have fit
spectrum of AF-LCO atT520 K in Fig. 4~b! with the
simple form cos(vt1f) multiplied by an exponential deca
exp(2Lt), and obtainLAF;0.81ms21. Assuming thatLAF
represents the additional relaxation contributions, we h
obtained a corrected relaxation rate from

L4.11
c [~L4.11

2 2LAF
2 !1/2. ~6!

That is, we assume that the decay constants add
quadrature.

FIG. 8. ~a! The volume fractionVm of muon sites with a static
magnetic field larger than;30 G, calculated in simulation as
function of the volume fractionVCu of the static Cu moment.~b!
The relaxation rateL of the Bessel function oscillation, obtained b
fitting the simulation results with Eq.~3!, plotted as a function of
VCu. The experimental results for LCO:4.11~Raw dataL4.11 shown
by an open star symbol and corrected dataL4.11

c by a closed star
symbol! allows estimation of the size of magnetic islands. The
terisk shows the relaxation rateL expected for the sandwich mode
01452
e
,

e

e
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L4.11
c is shown by the closed star symbol in Fig. 8~b!.

These considerations lead us to estimateR515–30 Å for
the average radius of the static magnetic islands
LCO:4.11. A similar analysis for LSCO:0.12 would giv
roughly the same estimate forR. However, because the os
cillation amplitude in LSCO:0.12 is much smaller than th
in LCO:4.11, the analysis would be less reliable.

It is also possible to obtain the relaxation rate expected
the sandwich model. The result (L50.2ms21), shown in
Fig. 8~b! by the asterisk symbol, indicates that this model
less successful than the magnetic island model in reprod
ing the relaxationL4.11

c observed in LCO:4.11.
We now discuss a simple heuristic model for the prop

gation of magnetic order between these presumed island
we assume that spins in neighboring islands in the sa
CuO2 plane are correlated when there is any overlap in
islands’ area, as illustrated in Fig. 9 we can estimate
effective correlation length of the spin order. For vario
values ofVCu we have calculated the probability that th
direction of the Cu spins in the magnetic islands, located
distancer from a Cu spin in the center of a magnetic islan
is correlated with the direction of the Cu spin atr 50. The
results of this calculation, shown in Fig. 9, suggest that e
with the assumption that the spins are in islands, the orde
a given plane may nevertheless propagate over long
tances. However, forVCu530% the correlation length from
Fig. 9 is only ;3 times the size of the magnetic islan
whereas the narrow SDW peaks observed in neutron sca
ing measurements indicate that the static spins are corre

-

FIG. 9. ProbabilityP(r ) that Cu spins belong to a certain clust
versus the distance from the center of an of radiusR in the cluster.
We assume that all the spins in a given island are correlated, an
correlation extends if there is any small overlap between adja
islands on a given CuO2 plane, as illustrated in the upper figure. F
example, a Cu spin at a distancer 2 contributes ‘‘1.0’’ for the prob-
ability, while that atr 1 gives ‘‘0.0’’ contribution. We average ove
all the possible cluster/island configurations to calculateP(r ).
4-7
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over very large distances (.600 Å) within the plane.16

Therefore, some additional mechanism to increase the
nectivity is required.

The results in Fig. 9 are obtained assuming no spin c
relations between magnetic islands belonging to differ
neighboring CuO2 planes. The neutron measurements
LCO:4.11~Ref. 16! indicate that the static SDW order exhib
its short range correlations along thec axis direction with a
correlation length of;13 Å, somewhat larger than twice th
distance between adjacent CuO2 planes. Such spin correla
tions along thec axis direction would further increase th
size of the correlated clusters shown in Fig. 9. For exam
if we allow correlations when any overlap exists among
eas of the islands projected to the adjacent island on ne
boring planes, the effective number of islands contributing
the ‘‘connectivity’’ would increase at least by three tim
compared to the case without interplane correlations. Th
because all the islands on a given CuO2 plane plus those on
the upper and lower planes would participate in the corre
tions.

In Fig. 10, we illustrate this by showing randomly pos
tioned islands of 30% integrated area fraction in three diff
ent planes~a!–~c!. When we overlap these planes, almost
the islands achieve percolation, as shown in Fig. 10~d!.
Moreover, there could be further contribution from islan
on the second neighbor planes which would enhance con
tivity within the first neighbor planes. In this way, we expe
a strong tendency towards percolation of spin correlati
among randomly positioned magnetic islands.

FIG. 10. Illustration of percolating cluster islands.~a!–~c! show
planes with random locations of magnetic islands having integra
area fraction of 30%.~d! shows the overlap of~a!–~c!. ~d! demon-
strates that most of the islands belong to the percolating clust
we allow correlations of spins in ‘‘overlapping islands’’ on all th
three planes.
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IV. SUPERCONDUCTING PROPERTIES

TF-mSR measurements allow us to derive the magn
field penetration depthl from the superconducting contribu
tion s of the muon spin relaxation rate ass}l22}ns /m*
~superconducting carrier density/effective mass!. This rates
reflects the inhomogeneity of the magnetic field in the fl
vortex structure, which varies over a length scale
;1000–3000 Å. Any heterogeneity in the superconduct
properties at length scales shorter than this will be avera
out. Thus,mSR probes superconductivity with a;100 times
coarser spatial resolution than that with which it probes st
magnetism. In HTSC systems without any static magne
order, the line shapes in TF-mSR spectra can be used
study more detailed spatial features, such as the size o
vortex core region.48 In the present case, with co-existin
superconductivity and static magnetic order, however,
tailed line-shape analyses become very difficult.

We have performed TF-mSR measurements by rotatin
the incident muon polarization to be perpendicular to

beamPW m' ẑ and applying an external field parallel toẑ with

thec axis of the specimen mounted either parallel toẑ ~con-

figuration CT-I! or perpendicular toẑ ~configuration CT-II!,
as illustrated in Fig. 11. The muon spin polarization functi
Gx(t) is measured using two sets of counters placed up~U!
and down~D! of the incident beam.

As shown in Figs. 12~a! and 12~b!, we observe a large
relaxation in CT-I, the geometry reflecting the in-plane pe
etration depthlab , than in CT-II. We have analyzed the TF
mSR results by assuming the existence of a static inte

d

if

FIG. 11. Schematic view of experimental configurations
transverse fieldmSR (TF-mSR) measurements employed in th
present work with the external field applied parallel~CT-I! and per-

pendicular~CT-II! to the ĉ axis of the single crystal.
4-8
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field in a volume fractionVm of muon sites, having the dis
tribution in magnitude and direction estimated from the Z
mSR measurements. We have then added vectorially the
ternal field, with a Gaussian broadening due to supercond
tivity. For the ‘‘zero/low-field muon sites’’ with volume frac
tion ~1-Vm), we assume that the muon sees only the nuc
dipolar fields and the Gaussian-broadened external field.
fit the observed data with this model, and derive the Gau
ian half width at half maximum of the superconducting co
tribution equal tos/gm . Figure 12~a! shows the calculated
contributions to the relaxation from superconductivity a
static magnetism, separately.

The temperature dependence ofs, observed in the CT-I
configuration, is shown in Fig. 13 for LCO:4.11 an
LSCO:0.12. The relaxation rate shows a gradual incre
with decreasing temperature belowTc . To compare the val-
ues ofs(T→0) with those observed in ceramic specime
of other HTSC systems,49–52we multiply by 1/1.4 to accoun
for the effect of the anisotropic penetration depth.53 We then
add the corresponding points to the plot ofs(T→0) versus
Tc in Fig. 14. The points for the present systems lie on

FIG. 12. Time spectra of the muon spin polarization observe
TF-mSR in LCO:4.11 obtained using~a! CT-I and ~b! CT-II con-
figurations.~a! shows faster damping than~b!, reflecting the shorter
penetration depth for the external field applied perpendicular to
CuO2 planes. The effect from superconductivity alone is shown
the dotted line in~a!, while the additional effect from static magne
tism, multiplied to the dotted line, results in the observed relaxa
01452
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same trajectory as other LSCO systems. We have also
cluded a point for LESCO~Eu0.1, Sr0.15; ceramic!, which
exhibits static magnetic order withVm;50%.40,54,55 This
point again falls on the trajectory. The correlation in Fig.
suggests thats}ns /m* at T→0 is a determining factor for
Tc in HTSC systems with static stripe freezing~present sys-
tems and LESCO! in a way similar to the case fo
underdoped,49,50 Zn-doped,52 and overdoped51,56 HTSC sys-
tems.

V. DISCUSSION AND CONCLUSIONS

A. Interplay between magnetic and superconducting volumes

Comparing the results ofs to those observed in cerami
LSCO systems, assuming thatm* is independent of doping
the results for LCO:4.11 and LSCO:0.12 correspond to v
ume average hole densities of;0.141/20.02 and 0.10
1/20.02 holes per Cu, respectively. In view of the lar
systematic errors, however, we cannot use these resul
distinguish whether the volume without static magneti
(12VCu) alone or the total volume carries superconductivi
We can rule out, however, a case where superconduc
carriers exist only in the magnetic volumeVCu, since the
local hole-concentration for this model would need to
unrealistically large~more than 0.3 holes per Cu! to account
for the observed value of volume integratedns /m* , which is
comparable to those in LSCO systems in the optimu
doping region. So far, a clear indication of mutually excl
sive regions with static magnetism and superconductivity
been obtained only in mSR measurements in
(La,Eu,Sr)2CuO4 ~LESCO!,40,54,55 which demonstrate tha
the superfluid densityns /m* scales as (12Vm).

In previous work on La1.45Nd0.4Sr0.15CuO4 and
La1.45Nd0.4Sr0.2CuO4,38 which are superconducting below
Tc;7 and 12 K, respectively,Vm;100% was found. This
result could be interpreted as evidence of spatial overlap
regions supporting superconductivity and regions hav
static spin order. The relationship in Fig. 8~a!, however, in-

n

e
y

.

FIG. 13. Temperature dependence of the superconducting re
ation rate s due to superconducting flux vortices, observed
TF-mSR measurements~with the CT-I configuration! in La2CuO4.11

~LCO:4.11! and La1.88Sr0.12CuO4 ~LSCO:0.12!. The broken lines
are guides to the eye.
4-9
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dicates thatVCu for this system can be smaller than 100%
This leaves open the possibility that superconductivity w
reducedTc survives in a small remaining volume fractio
(12VCu);20%, while superconducting regions and regio
with static magnetism are mutually exclusive.

The situation with magnetic islands, having length sca
comparable to the in-plane superconducting cohere
length, resembles the ‘‘swiss cheese model’’52 for Zn-doped
HTSC systems, where a nonsuperconducting region of c
parable size is created around each Zn. This model was
posed based on themSR results for the reduction ofns /m*
as a function of Zn concentration,52 and was recently con
firmed by direct measurements of scanning tunnelling
croscopy~STM!.57 The mSR results for overdoped HTSC
systems can also be explained if one assumes spontan
formation of hole-rich nonsuperconducting islands emb
ded into a sea of hole-poor superfluid.55,58–60The correlation
betweenTc and ns /m* survives in all these systems, a
shown in Fig. 14. We note that similar microscopic hete
geneity in the superconducting state has also been foun
recent STM measurements on underdoped Bi2212 system61

The Tc vs ns /m* correlations are robust against vario
perturbations in HTSC materials, such as those caused b
impurities, overdoped fermion carriers, and the formation
static magnetic islands, seen in the present work. Thi
analogous to the robustness of correlations between the
perfluid transition temperature and the two-dimensional
perfluid density in thin films of4He and 3He/4He adsorbed
in porous and nonporous media.62–66 Based on these obse
vations, one of us55,59,60pointed out a possible relevance
these heterogeneous electronic/magnetic features in H

FIG. 14. A plot of the superconducting transition temperatureTc

versus the relaxation rates(T→0) at low temperatures~propor-
tional to the superfluid densityns /m* ) for several high-Tc super-
conductors~Refs. 49–52!. The results with the ‘‘stripe square
symbols represent points from LESCO~Refs. 54 and 55!,
LSCO:0.12, and LCO:4.11 in the order of increasings(T→0). To
account for difference between results for ceramic and sin
crystal specimens, the values fors for LCO:4.11 and LSCO:0.12 in
the CT-I configuration were multiplied by 1/1.4.
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systems to a ‘‘microscopic phase separation,’’ such as the
seen in superfluid3He/4He films adsorbed in porous media
fine powders.66,67

In the present work on LCO:4.11, as well as a previo
mSR study on LCO:4.02 and LCO4.04,43 the onset of super-
conductivity occurs around the temperature below which
volume fraction of static magnetism increases with decre
ing temperature. This apparent coincidence ofTc and TN
could be expected if a microscopic rearrangement of cha
distribution occurs atTc;TN to separate the electron sy
tems into hole-rich regions which support superconductiv
and hole poor (x;1/8 for LCO:4.11 andx;0 for LCO:4.02
and LCO:4.04! regions which support static magnetism.

Recently, Kivelsonet al.68 have proposed a model with
particular type of phase separation to explain the sharp
of n and gradual increase ofVCu below TN seen in the
present study of LCO:4.11. Their model also predicts a tr
off of superconducting and magnetic volumes belowTc
;TN . The gradual change of boths(T) and Vm(T) below
Tc;TN in LCO:4.11 @Figs. 3~a! and 13#, however, seems
inconsistent with such a trade off.

The superconductingTc and the magneticTN appear at
different temperatures inmSR measurements of LSCO:0.1
as well as in various LNSCO and LESCO systems, w
LSCO:0.12 havingTc.TN and the other materials havin
TN.Tc . It should be noted that neutron measurements g
Tc.TN in LSCO:0.12, whileTN determined bymSR is
lower, presumably due to difference in time windows b
tween neutron and muon measurements. In these system
frequencyn increases with decreasing temperature gradu
belowTN , as shown in Fig. 3~b!, and in Refs. 38–42. Thus
the abrupt development of the magnetic order paramete
not a common feature of all the HTSC systems.

B. Bragg peak intensity in LCO:4.11 and AF-LCO

We can estimate the Bragg peak intensityI B:4.11 expected
in neutron scattering measurements on LCO:4.11 from
mSR results.I B:4.11 should be reduced from the valueI B:AF
in AF-LCO by a factor 0.5 for the SDW amplitude (sin2)
times the ratio of the maximum static moments (0.36/0.52

times the volume fraction of magnetic Cu atomsVCu50.27.
Thus, we predict as a rough estimateI B:4.1150.06I B:AF . This
value agrees well with the observed neutron resultsI B:4.11
50.07I B:AF . In Ref. 16 it is assumed that three out of fo
copper ions are magnetic and that they are distributed
formly throughout the entire volume, so a smaller avera
moment per Cu21 of 0.15mB is inferred.

We note, however, that estimates of the ordered mom
size from neutron studies and frommSR often disagree with
one another. For example, the Ne´el temperature in antiferro
magnetic La2CuO41d varies from TN;300 K to TN
<100 K with a small variation ind. In neutron scattering
studies of these AF-LCO systems, the Bragg peak inten
I B shows a reduction, by more than a factor of 10, w
decreasingTN .28 In contrast, the frequency of ZF-mSR spec-
tra shows only a 20% change in the local frozen moment
the same reduction ofTN . ThesemSR and neutron results o
AF-LCO are compared in Ref. 28. Since themSR frequency

-
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is directly proportional to the magnitude of neighborin
static Cu moments, the reduction ofI B in neutron studies
cannot be ascribed to a change of individual Cu mom
size. The likely reason for the strong reduction ofI B is a
progressive trade off between the true long range orde
component and short range spin glass fluctuations which
cent work69 has shown involves fluctuations into the diag
nal stripe spin glass phase with hole concentration of;0.02.

C. Neutron results in high magnetic fields

Recently Khaykovichet al.44 have made measuremen
on LCO:4.11 in high magnetic fieldsHext applied parallel to
the c axis. By increasing the external field fromHext50 to
Hext59 T, they have found a factor;2 increase of the
intensityI B of the magnetic Bragg peak atT→0 for a crystal
similar to the one studied here. The superconductingTc is
suppressed byHext, while TN remains nearly unchanged u
to Hext59 T. A similar increase of Bragg peak intensity
high fields was also observed by Katanoet al.70 in
LSCO:0.12.

Application of Hext perpendicular to the CuO2 plane cre-
ates vortices. The vortex core, with radius comparable to
in-plane coherence lengthjab;30 Å becomes normal, a
illustrated in Fig. 15. These normal cores could have st
magnetic order similar to that in the surrounding magne
islands.

The fraction of the area contained in vortex cores may
estimated from the upper critical field, since that is the fi
at which the cores fill the entire area. UsingHc2>40 T,
found for optimally doped LSCO,71 we expect that only
;1/4 or less of the area that is superconducting atHext50
would be turned into a normal core atHext59 T in
LCO:4.11. However, this is sufficient to explain the fact
;2 increase in the Bragg peak intensity if the zero-fie
sample has ordered moments in only;27% of its volume
and if the magnetism in the cores is coherent with the lo
range order present at zero field. We are currently under
ing mSR studies of LCO:4.11 in high applied magne
fields, which will be reported in future publications.

FIG. 15. An illustration of magnetic islands~shaded circles! and
vortex cores~open circles! on the CuO2 planes of HTSC system
under an external magnetic field applied along thec axis direction.
When a core is located at the magnetic island, one expects a
crease in the radius of the nonsuperconducting region due to su
current flowing around such a magnetic island.
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In nearly optimally doped LSCO, Lakeet al.72 have re-
cently found that low-energy neutron scattering intensity,
low the energy transfer corresponding to the superconduc
energy gap, increases at temperatures well belowTc , when a
high external fieldHext is applied along thec axis. This phe-
nomenon may also be related to the magnetic response
the flux-core regions, since the increase of the intensity
in at the flux-depinning temperature. A rather surprising fe
ture of this study is the sharpness of the observed low-ene
fluctuations in momentum space, suggesting long-range
correlations among widely separated vortex core regions.
point out here that, similar to the static order, this requi
long range coupling between vortex cores.

D. Conclusions

In summary, we have performed ZF-mSR measurement
using LCO:4.11 and LSCO:0.12 single crystals, and ha
found that static incommensurate SDW spin freezing, w
the maximum ordered Cu moment size of 0.36mB , develops
only in a partial site fraction. We assumeVm;40% for
LCO:4.11 and;18% for LSCO:0.12, and specific modelin
suggests that the corresponding ordered Cu fractions ma
somewhat smaller. Comparison of observed results w
computer simulation suggests the formation of static m
netic islands on the CuO2 planes having sizeR515–30 Å,
comparable to the in-plane superconducting cohere
lengthjab . Order between these islands nevertheless pro
gates over long distances to yield a correlation length
excess of 600 Å.

We stress that LCO:4.11, which is a stoichiometric sin
crystal, has the least built-in randomness among the var
HTSC systems that exhibit static incommensurate magn
correlations. Yet the present work demonstrates that
ground state is a mixture of magnetically ordered and at b
weakly ordered regions. Near phase boundaries or quan
critical points in strongly correlated electron systems, su
microscopic heterogeneity could result from competition
the different order parameters involved. Related phenom
have been observed, for example, in the formation of str
magnetic correlations in manganites73 and the developmen
of stripe domains in LSCO withx;0.01 to 0.02.74 These
observations encourage further theoretical studies of e
tronic states involving spontaneous formation of heter
enous regions in competing order parameter systems.

Our TF-mSR measurements in these systems demons
thatns /m* at T→0 exhibits correlations withTc not only in
underdoped, Zn-doped, and overdoped HTSC systems
also in the present systems with static SDW spin freezi
Recent measurements of the penetration depth
(BEDT-TTF)2Cu(NCS)2 in applied pressure,75 and inA3C60
systems,76,77suggest that these correlations are followed a
by organic and fullerine superconductors.

We have proposed a model for explaining the rather lo
range spin correlations in these systems, resorting to ‘‘c
nectivity’’ of neighboring magnetic islands on the same a
adjacent CuO2 planes. We have also suggested that sta
magnetism in the vortex core region can provide expla
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tions for the field dependence of the neutron scattering
sults in LCO:4.11 and in optimally doped LSCO systems

The present work demonstrates a very important fea
of mSR, i.e., the capability to determine the volume fracti
of magnetically ordered regions. Recently, a similar case
noticed in the study of URu2Si2, where static magnetism
below TN;17 K has been identified to exist in a parti
volume fraction by combination of neutron78 and NMR~Ref.
79! studies in applied pressure. The first evidence for t
feature was indeed provided by amSR measurement80 in
ambient pressure. In themSR results for URu2Si2, Luke
et al. found a very sharp onset of the precession freque
n(T) below TN , temperature dependence of the precess
amplitudeVm(T), and a good agreement between the te
perature dependenceI B(T) of the neutron Bragg peak an
Vmn2 from mSR. These features are common to the pres
results in LCO:4.11. We also note that ZF-mSR results in
CeCu2.2Si2 ~Refs. 81 and 82! indicate a possible trade of
between magnetic and superconducting volume fractio
These results suggest possible involvement of microsco
phase separation in both HTSC systems and heavy ferm
systems.55,68,83Further detailed studies ofmSR in combina-
tion with neutron scattering will be very helpful in obtainin
an overall understanding of the interplay between magnet
and superconductivity in HTSC, heavy-fermion, and oth
strongly correlated electron systems.
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