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We present zero-field muon spin relaxation~mSR! measurements of La1.62xNd0.4SrxCuO4 with
x50.125,0.15,0.2; La1.475Nd0.4Ba0.125CuO4, La1.875Ba0.125CuO4, and La1.875Ba0.1252ySryCuO4 with y
50.025,0.065. All of the samples with dopant concentrationsx1y<0.15 show similar static magnetic order
with coherent precession of the muon spins belowTN'30 K, with aT→0 ordered Cu moment'0.3mB . The
samples withx50.20 show no coherent precession but manifest two distinct relaxation regimes, typical of
quasistatic magnetism. We then present transverse-fieldmSR hysteresis measurements of the
La1.45Nd0.4Sr0.15CuO4 and La1.4Nd0.4Sr0.2CuO4 systems that show a large superconducting response below
approximately 7 K and 12 K, respectively. We argue that superconductivity and magnetic order coexist in the
x50.15 system.@S0163-1829~98!09837-3#
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I. INTRODUCTION

There is a complex interplay between superconductiv
and antiferromagnetism as a function of doping in t
‘‘214’’ high- Tc cuprate superconductors La22xSrxCuO4 and
La22xBaxCuO4. The phase diagram for these materials a
function of temperature and doping is reproduced in Figs
and 2. As with all the cuprates, the undoped parent mate
is an antiferromagnet, with a transition temperatureTN
'300 K. With increasingx, the antiferromagnetic~AF! or-
der is destroyed; both La22xBaxCuO4 and La22xSrxCuO4
move through a spin-glass-like disordered phase~SG! and
eventually become superconducting at dopant concentra
of 0.05 and 0.07, respectively. However, atx'0.125 in
La22xBaxCuO4 and x'0.115 in La22xSrxCuO4, supercon-
ductivity is suppressed and magnetic order reemerges—
phenomenon known as the ‘‘1/8 effect.’’1–4

Descriptions of these materials from the AF and sup
conductor ~SC! sides of the phase diagram have recen
concentrated on the importance of ‘‘stripe correlations’’ b
tween nearly one-dimensional strips of the CuO2 plane.
Borsaet al.5 have described the low-temperature magneti
tion for doped AF,x,0.02 samples with a phenomenolog
cal spin-wave model where the magnetic domains are fi
in one planar direction and bounded by segregated ‘‘cha
rivers.’’ Hone and Castro Neto6 have treated the weak AF
stripe problem more generally within a nonlinears model,
PRB 580163-1829/98/58~13!/8760~13!/$15.00
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and have reproduced the observed dependence of the
netic transition temperature on the extrapolatedT→0 mag-
netization. On the SC side, neutron-scattering studies h
consistently revealed low-energy dynamics7–9 that appear as
satellite peaks near the AF Bragg peak (p/a,p/a) in SC
samples of La22xSrxCuO4, with a splitting wave vector of
magnitudee;x32p/a wherea is the Cu-O-Cu lattice spac
ing in the plane.

A stripe mechanism has been proposed to explain
‘‘1/8 effect’’ as the pinning of the dynamic stripe correla
tions on distortions in the CuO2 plane.10,11 The structural
transitions of La1.875Ba0.125CuO4 are shown in Fig. 1. Suc
cessive transitions in La1.875Ba0.125CuO4 from high-
temperature tetragonal~HTT! to orthorhombic~LTO! to low-
temperature tetragonal~LTT! structural phases involve
successive distortions or rotations of the CuO6 octahedra.
From the HTT phase, the octahedra distort about the tet
onal ~110! axis, diagonally furrowing the CuO2 plane. In the
LTO→LTT transition, the octahedra distort about th
twinned (11̄0) axis. The superposition of these two disto
tions tends to buckle the CuO2 plane in the~100! and ~010!
directions of successive CuO2 layers. X-ray measurements1

show that in La1.875Ba0.125CuO4, the LTO and LTT phases
coexist well below the onset of the structural transition; t
suppression of superconductivity roughly correlates with
fraction of the sample in the LTT phase at low temperatu
8760 © 1998 The American Physical Society
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In La22xSrxCuO4,
12 by contrast, only the HTT and LTO

phases are stable. The superconductivity in this compoun
correspondingly more robust. In the La1.62xNd0.4SrxCuO4

system the LTT phase is stabilized over a wide doping ra
with very little orthorhombic contamination below the tra
sition, as shown in the phase diagram of Fig. 3.13–15Büchner
et al.15 have argued that superconductivity is suppressed
LTT phases of La1.62xNd0.4SrxCuO4 in which the tilting of
the octahedra exceeds a critical angle of 3.6°, i.e., for
concentrations.0.18 per formula unit.

On the hypothesis that the planar distortions associa
with the LTO→LTT transition would pin dynamic magneti
correlations seen in superconducting samples
La22xSrxCuO4, and motivated by the appearance of a strip
charge-segregation/magnetic order in the analogous nick
perovskite,16 Tranquada et al.10,11 searched for and
found static magnetic order forx50.125,0.15,0.2 in
La1.62xNd0.4SrxCuO4 using neutron-scattering techniques.
thex50.125 sample, Tranquadaet al. found a charge segre
gation that preceded the magnetic order. Below
LTO→LTT transition, atTCO , the charge segregated in
striped domains parallel to the distortions in the Cu2
plane.1,17 At TM,TCO , a locally AF order arose within the
regions presumably bounded by the charge stripes, w
neighboring AF regions out of phase byp.

Recent superconducting quantum interference de
~SQUID! measurements18 suggest that superconductivity an
stripe magnetic order coexist in these materials, which ra
the interesting possibility of the existence of a supercond
ing network of quasi-one-dimensional wires~the charge-rich
stripes!. However, there has been no confirmation of the re
tive magnetic and superconducting volume fractions in
single sample.

mSR techniques have been instrumental in establish
the magnetic phase diagrams of the doped La2CuO4 systems.

FIG. 1. Electronic and structural phase diagrams as a functio
temperature and dopingx for La22xBaxCuO4 ~Refs. 1–3!. The elec-
tronic phases are indicated by solid lines connecting the o
squares. The electronic phases are antiferromagnetic~AF! and su-
perconductor~SC!. The structural phases are indicated by dot
lines connecting the filled squares.
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The homogeneous AF phase of La2CuO42y with TN

'290 K was first seen withmSR by Uemuraet al.19 Subse-
quent studies on La2CuO42y with 0,y,0.03 showed that,
althoughTN varied substantially withy, the magnetization
remained approximately constant.20 Harshmanet al. first
identified the SG phase withmSR.21 Hitti et al.22 identified
the muon site in La2CuO42y by comparing neutron-
scattering measurements of the moment size to themSR pre-
cession frequency. As already mentioned, the lightly
doped region has been explored by Borsaet al.

The magnetism associated with the ‘‘1/8 effect’’ was fir
identified in La1.875Ba0.125CuO4 by Luke et al.,2 and for
La1.885Sr0.115CuO4, by Kumagaiet al.3 In the wake of the
neutron-scattering studies of Tranquadaet al., four groups
reported new mSR measurements on variously dop
La2CuO4 systems. Wageneret al. presented a study o
La1.852zNdzCuO4 that confirmed the presence of magne
order forz.0.3.23 Lappaset al. found that a suppression o
the LTO→LTT transition by substitution of Sr for Ba in
La1.875Ba0.125CuO4, or by the addition of excess oxygen, d
stabilized the ‘‘1/8 effect’’ in this material.24 Lappaset al.
and Luke et al.4 confirmed with mSR the magnetic orde
seen in La1.475Nd0.4Sr0.125CuO4, and compared themSR fre-
quencies in the systems with and without Nd.

of

n

FIG. 2. Electronic and structural phases as a function of te
perature and dopingx for La22xSrxCuO4 ~Refs. 3, 5, and 12!.

FIG. 3. Structural and electronic phase diagram
La1.62xNd0.4SrxCuO4 ~Refs. 11 and 13–15!.
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In this paper, we present a more detailed analysis of
data in Refs. 2 and 4, along with previously u
published mSR data from La1.875Ba0.1252xSrxCuO4,
La1.45Nd0.4Sr0.15CuO4, and La1.4Nd0.4Sr0.2CuO4 systems. The
present study has two purposes. First, using the techniqu
zero-field ~ZF! mSR, we investigate the nature of the ma
netic order in a large variety of Ba-doped ‘‘1/8’’ and S
doped samples that contain Nd. We extract the magnetic
dering temperatureTN , and the ordered Cu momentS0 . The
behavior of the Cu spins in all of these compounds is alm
certainly the same, the only differences being due to seco
ary ordering of the Nd moments. In terms of the ratio of t
ordered moment to the scaled transition tempera
TN /JAF , where JAF is the largest coupling constant in th
system, previousmSR studies25 have established the differen
qualitative behaviors of quasi-two-dimensional systems
S51/2 ions ~like the cuprate antiferromagnets! and quasi-
one-dimensional systems~like the S51/2 spin chain com-
pounds and the 3-leg ‘‘ladder’’ cuprate!. We compare the
stripe materials to previously measured low-dimensional
prate antiferromagnets.

Second, we demonstrate that in La1.45Nd0.4Sr0.15CuO4
magnetism and superconductivity coexist in the same sam
volume. Using the techniques of transverse-field~TF! mSR,
we show that single crystals of La1.45Nd0.4Sr0.15CuO4 and
La1.4Nd0.4Sr0.2CuO4 show similarly large hysteresis effec
attributable to flux pinning in the superconducting state. T
La1.45Nd0.4Sr0.15CuO4 crystal was then pulverized. ZF-mSR
measurements on this powdered sample show that theentire
samplebecomes magnetic. This suggests that the super
ducting and magnetic phases microscopically coexist in
stripe phase.

II. ZF- mSR METHOD

In time-differentialmSR, 100% polarized muons are im
planted, one at a time into a sample. The muon gener
resides in a well-defined location in the unit cell of the la
tice, and precesses about the local magnetic fieldBW local until
it decays into a positron and two neutrinos. The positron
preferentially emitted along the instantaneous direction
the muon spin. One statistically reconstructs the muon po
ization as a function of time by forming the asymmetry b
tween the numbers of positrons emitted parallel and anti
allel to the original muon polarization directionP̂m .

The number of positron counts through each detecto
histogrammed as a function of time. The histograms have
general formN(t)5N0e2t/tm@11CIG(t)#. Here N0 is the
total number of decay positrons in the histogram that wo
be seen in the absence of any initial polarization.N0 is pro-
portional to the total number of muons stopped, to the av
aged energy acceptance of each detector, and to the
angle of each detector.tm is the lifetime of a muon at rest
approximately 2.197ms. C is the projection ofP̂m onto the
line connecting the center of the sample with the cente
the detector and is equal to61 for ZF measurements.I is the
intrinsic asymmetry of the muon counter. This is the asy
metry of the muon decay as a function of energy, avera
over the energy acceptance and solid angle of the dete
For detectors of identical construction, placed symmetrica
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with respect to the sample,I will not change from detector to
detector. Even when this is not the case, the distortions
to the differing intrinsic asymmetries is usually small.

The normalized polarization function,G(t), contains all
of the information related to the magnetic field in the samp
In what follows, I is assumed to be constant~that is, the
detectors are identical!. The quantity

N1~ t !2N2~ t !

N1~ t !1N2~ t !

defines the experimental asymmetryAexp(t). If we normalize
by theN0 for one of the detectors, then we may write

Aexp~ t !5
12a1~11a!IG~ t !

11a1~12a!IG~ t !
,

wherea5N0,1 /N0,2 . We invert the expression forAexp(t)
to obtain the ‘‘corrected asymmetry’’A(t), where

A~ t !5IG~ t !5
Aexp~ t !~11a!1a21

11a1Aexp~ t !~a21!
.

We now outline the general features of the ZF-mSR cor-
rected asymmetry spectrum. If a well-defined electronic s
structure exists, then muon spins implanted at magnetic
equivalent lattice sites precess in identical fashion, leadin
a statistically large precession of the muon spin asymm
signal at a frequency defined by the field at that site:n
5gm/2pBLocal, where gm/2p513.5 MHz/kG. The static
field muon asymmetry signal is thus proportional to the f
quency Fourier cosine transform of the local field distrib
tion.

For a dense local-field distribution, a static muon asy
metry spectrum relaxes by the interference of infinitely ma
frequency components. The relaxation envelope of the os
lating signal reveals the characteristics of the field distrib
tion. For a finite number of components, the asymme
spectrum shows characteristic beats and~in theory! oscillates
forever. For the intermediate case of several broad freque
peaks that are separated by more than their width, the m
asymmetry signal will appear ‘‘multicomponent,’’ manifes
ing beats, but will not recover its full amplitude in the long
time limit.

A fairly general phenomenological form for the asymm
try signal is therefore

A~ t !5A' (
iÞ0

I Max

Wicos~2pn i t !3exp@2~L i t !
b' i#

1Ai3exp@2~L0t !b i#.

The ratiosWi :Wj ; i , j Þ0 denote the relative weights of th
frequency components that are separated by more than
distribution widths, andn i is the mean frequency of eac
component. Ideally, one would also expect a variety of lo
gitudinal relaxation signals, each characterized by its o
relaxation rateL and exponentb, but the absence of a dis
tinguishing frequency makes theAi signal difficult to ana-
lyze in this way.

The ratioA' :Ai ~the ratio of oscillating to nonoscillating
parts of the asymmetry signal! reveals the average degree
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which P̂m aligns withBW Local. Muons with P̂miBW Local do not
precess, although their polarizations may be dynamically
laxed by perpendicular fluctuations. In a homogeneous p
crystalline sample, with a static component to the local fie
because the crystallites orient randomly with respect
P̂m , A' /(A'1Ai)5 2

3 , the isotropic average perpendicul
component of the muon spin. For a ceramic sample wh
only a VOrd portion of the total volumeVTot orders,
A' /(A'1Ai)5 2

3 3VOrd/VTot,
2
3 . In a single crystal,

given P̂m , the A' fraction will be given by VOrd/VTot

3^sin2 um2B&, where um2B is the angle betweenP̂m and
BW local at the muon site, and the brackets denote an ave
over domains ofVOrd.

The parametersL andb incorporate relaxation due to th
width of each component distribution and dynamics. LetD
represent the instantaneous value ofBlocal. WhenL,gmD,
one may distinguish dynamic from static relaxation by
spection. The relaxation of theAi part of the asymmetry
signal results from fluctuations in the perpendicular dir
tions. Hence in a homogeneously ordered powder sam
with fluctuating fields, theAi5

1
3 fraction relaxes to zero. In

such systems, there will be dynamic broadening of the os
lating components as well. A static magnetic environme
by contrast, may cause a static disorder-induced broade
of the oscillating components, but theAi fraction persists in
the long-time limit described byt>1/gmD.

However, ‘‘the long-time limit’’ may not always be ac
cessible in the experiment. Typical time-differentialmSR
spectra are limited to about 10ms. A more definitive way to
distinguish dynamic relaxation from static relaxation is t
application of a longitudinal field~LF! that is a few times
larger than any ordered field in the sample. The muons
cess about the total field with frequencyn. In sufficiently
strong LF, the asymmetry does not oscillate because the
cal field and the initial muon polarization are nearly parall
so thatA'→0. Then, any relaxation is due to dynamics th
cause transitions between the local muon Zeeman states
consider a Markovian spin decay, with an inverse spin li
time of nd . Whennd is large compared ton, the relaxation
rate probes the spectral density of the field fluctuations
energies 2hn. The resulting muon asymmetry spectrum
approximately exponential in shape:

A~ t !5A~0!exp~2Lhomogt !,

with

Lhomog5
2D2nd

~2pn!21nd
2

.

If the distributions ofD or nd vary over the sample vol
ume, then a modified exponential relaxation

A~ t !5A~0!exp@2~Lt !b#

often describes the data, where now

L5D3Lhomog,

with D, a number of order unity, andb determined by the
distributions ofD andnd .26–28
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III. ZF- mSR TIME SPECTRA

We measured time-differential ZF-mSR spectra at the
M13 and M15 surface muon channels of TRIUMF, in Va
couver, Canada. The samples were mounted in the tail
standard Janis gas-flow cryostat with a minimum tempe
ture of 3.5 K, or a cold-finger continuous-flow cryostat wi
a minimum temperature of 1.8 K. The samples we
mounted on pure Ag backings. Once the stray fields at
samples were minimized, muons landing in the backings
in the ~also Ag! cryostat tails did not precess noticeably ov
the time range studied. Because the samples under stud
possess a significant nuclear magnetic moment, we are
to distinguish those muons that land in the sample even
the absence of electronic magnetic order. However, beca
in some setups the decay positrons due to muons landin
the Ag backing were not excluded from the histograms,
overall corrected asymmetry due to the sample alone ha
arbitrary amplitude, which depended on the overall sam
size with respect to the beam spot.

A. Ba- and Nd,Ba-doped samples

The ceramic La1.875Ba0.125CuO4 samples showed sponta
neous precession belowTN'30 K, indicating magnetic or-
der of the Cu spins. The ceramic La1.475Nd0.4Ba0.125CuO4
showed similar magnetic order with the sameTN . Figure 4
shows typical spectra from samples of each type. The spe
from both Ba-doped systems show a damped oscillation
a relaxing Ai component. It seems highly likely from Fig.

FIG. 4. Representative asymmetry spectra and fits~solid
curves! for ceramic samples of La1.875Ba0.125CuO4 and
La1.475Nd0.4Ba0.125CuO4.
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8764 PRB 58B. NACHUMI et al.
that substituting Nd at the La site in La1.875Ba0.125CuO4 does
not significantly affect the Cu order.

The solid curves in Fig. 4 are fits to the phenomenologi
form

A~ t !5A'3J0~2pnt !3exp~2L'tb'!1Ai3exp~2L itb i!.

HereJ0 is the zeroth-order Bessel function of the first kin
Some of the La1.875Ba0.125CuO4 data had been fit previousl
with a damped cosine function.2,4 The cosine fits tended to
yield values of the initial phase of the muon asymmetry t
were inconsistent with the known initial polarization of th
muon beam. Some possible implications of the Bessel fo
for the asymmetry function are discussed below. The va
of the extracted frequency does not depend strongly
which of the two functions~Bessel or cosine! is used, be-
cause the first few zeros of the functions have the same s
ing to within 1%. The observedn'3.5 MHz corresponds to
an average Blocal'220 G at the muon site.

B. Ba1Sr-doped samples

Ceramic samples of La1.875Ba0.1Sr0.025CuO4 and
La1.875Ba0.06Sr0.0625CuO4 showed two distinct magnetic vol
umes. Below 30 K, and down to 5 K, part of these samp
showed a magnetic order with the same frequency as in
single-dopant samples, while the rest of the sample rela
with the slow Kubo-Toyabe function typical to systems
small disordered moments. Similar instances of distinct m
netic regions in mixed-dopant ceramic samples have b
reported previously by Lappaset al.,24 who attributed the
reduced ordered fraction to the decreased pinning of
stripe order as less of the lattice undergoes the LTO→LTT
transition.

C. Nd,Sr-doped samples

Figure 5 shows representative spectra fro
crystal samples of La1.475Nd0.4Sr0.125CuO4 and
La1.45Nd0.4Sr0.15CuO4. We also measured several ceram
samples at thex50.125 composition that showed the sam
general behavior as the crystal. Forx50.125,TN and n at
5 K,T,10 K are nearly identical to those seen in the B
doped samples. Forx50.15, TN is slightly lower, but the
saturatingn remains unchanged. There were two significa
differences between the Sr-doped and Ba-doped sample
T,5 K, bothn andL' began to increase dramatically. Th
3.5 K spectrum for thex50.15 sample in Fig. 5 shows thi
effect.

As Fig. 6 shows, the LF52 kG measurements o
La1.475Nd0.4Sr0.125CuO4 crystal reveal dynamic relaxatio
that is almost completely absent from the La1.875Ba0.125CuO4
ceramic.

The neutron-scattering analysis suggests that, atT'5 K,
the Nd ions begin to order following the Cu order, while t
Cu moments themselves begin to cant out of the plane.
suspect that the low-temperature enhancement of the
quency may be due to the canting Cu moments, while
increased relaxation may be due to the fluctuating Nd sp
Because the Nd spins are only randomly present in the
tice, the Nd ordering should increase the relaxation rate,
should not produce any coherent oscillations. Figure 7 sh
l
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the relaxation parameters L and b for the
La1.475Nd0.4Sr0.125CuO4 crystal, as functions of temperatur
L increases below 5 K, suggesting that the temperature s
for the moments producing the relaxation differs marke
from TN . b decreases to 0.45 at low temperatures, sugg
ing that the fluctuating magnetic field is inhomogeneo
This is consistent with the random placement of the Nd io

Ideally, one would like to know the direction of the mag
netic field at the muon site, in order to compare it to wh
comes from the hypothesized spin structure. Figure 8 sh
the relative oscillating volume fractionA' /ATot , for ceramic
and crystal samples of La1.6Nd0.4Sr0.125CuO4, which gives
the value VOrd/VTot3^sin2um2B& at the muon site in the
sample. The ceramic asymmetry ratio saturates atT510 K.
If that the crystal also achieves its maximal ordered volu
fraction at the same temperature, then the difference in
temperature dependences ofA' /ATot below 10 K suggests
that the Cu moments may be changing direction in this s
tem.

D. Summary of measurements on thex<0.15 samples

Figure 9 showsn as a function of temperature for th
various samples withx<0.15. TN for all of these samples is
approximately the same regardless of the presence of N
whether the sample is doped with Ba, Sr, or both. Exclus

FIG. 5. Representative asymmetry spectra and fits~solid curves!
for crystals of La1.475Nd0.4Sr0.125CuO4 and La1.45Nd0.4Sr0.15CuO4.
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of the T,5 K enhancement in the samples with Nd,n satu-
rates at the same value of 3.5 MHz. This frequency res
from the ordered Cu moment. Ignoring the low-temperat
effects of the Nd-Cu coupling, we identify this frequency
the intrinsic magnetization of the Cu ordering in these s
tems. We may roughly estimate the size of the ordered
ment by assuming that the muon site is unchanged from
in undoped La2CuO4. In this case, the ratio of the ordere
moment sizes should approximately equal the ratio of
frequencies. For La2CuO4, Uemura et al. found n
→5.8 MHz at low temperatures, for an ordered moment
approximately 0.5mB . Therefore by this method,S0
'0.3mB . The more detailed calculation presented in the d
cussion below, which takes into account the modulated
tiphase spin structure seen in La1.475Nd0.4Sr0.125CuO4 and
La1.45Nd0.4Sr0.15CuO4,

10 gives nearly the same result.

E. x50.2 samples

In contrast with the results mentioned above, ZF-mSR
measurements on the La1.4Nd0.4Sr0.2CuO4 crystal revealed no
coherent magnetic order for temperatures down to 1.88

FIG. 6. Comparative decoupling atT510 K and LF52 kG for
~top! Ba-doped ceramic and~bottom! Sr-doped crystal.
ts
e

-
o-
at

e

f

-
n-

.

The low-temperaturemSR spectrum, shown in Fig. 10
shows no static recovery, which implies that the magne
fields in this sample remained dynamic down to 1.88 K. T
initial relaxation is four times as fast as the frequency due
the ordered Cu moments in thex50.125 and x50.15
samples. LF measurements on a ceramic sample of the s
composition show that the fast relaxation begins to decou
at 1 kG. It therefore seems likely that this fast relaxation
due to the combined quasistatic ordering of Nd and Cu m
ments, and that in thex50.20 samples, in contrast to th
lower-doping samples, the temperature scales of the Cu
Nd spin systems are not well separated. These results sug
that the magnetic order inferred from the neutron scatter
data for thex50.20 system10 is in fact only quasistatic.

IV. DISCUSSION OF THE MAGNETIC ORDER

Because of the similarities among the data from all of
samples withx50.125 andx50.15, we analyze the mag

FIG. 7. Temperature dependences of~top! relaxation powerL
and ~bottom! relaxation exponentb for the La1.475Nd0.4Sr0.125CuO4

crystal.

FIG. 8. Comparison of the temperature dependence of
A' /ATot asymmetry fraction between ceramic and crystal samp
of La1.475Nd0.4Sr0.125CuO4. This quantity is proportional to
VOrd/VTot3^sin2 umu2B& at the muon site.
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netic order in the same generic picture of antiphase st
magnetic order with little correlation between different Cu2
planes. It is important to note, however, that there is as
no other experimental evidence for such stripe magnetism

FIG. 9. Temperature dependence of the Bessel frequency
tracted from fits.

FIG. 10. ZF spectra of the La1.4Nd0.4Sr0.2CuO4 single crystal at
1.88 K, and the decoupling in 1 kG for a ceramic sample at 4.4
e

et
in

the La1.875Ba0.125CuO4 system. Large single crystal sample
appropriate for neutron-scattering measurements have
been available. This is unfortunate, because only
La1.875Ba0.125CuO4 system is free of the broadening due
the Nd dynamics; nevertheless, we proceed on the assu
tion that the two examples of magnetic order are of sim
origin.

A. The muon site

To definitively extractS0 from the measured ZF-mSR sig-
nal, we need to establish the muon site. Hittiet al. have
deduced the muon site in undoped La2CuO4 by assuming
that the muon resides 1.0 Å away from an oxygen site a
simulating themSR frequency as a function of the muo
position in the ordered state, with the ordered moment de
mined by neutron scattering. They concluded that in this m
terial the muon resides near the apical oxygen, at fractio
coordinates (x/a,y/b,z/c)5(0.253,0,0.162), or at an angu
lar position (u51.569,f5np/2) on the sphere of radiu
1.0 Å surrounding the apical oxygen. The barriers betwe
these sites are due mostly to the four La ions located at
intermediate angles. This site is not the global electrost
minimum on the spherical surface surrounding the ap
oxygen.

x-

.

FIG. 11. The electrostatic potential energy surface as a func
of u andf at a radius of 1 Å from the apical oxygen, as calculate
with an Ewald sum. The asterisk denotes one of the four equiva
sites found by Hittiet al. ~Ref. 22!.
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Figure 11 shows the results of a simple Ewald calculati
assuming ionic charges, for this surface. The global m
mum for undoped La2CuO4 occurs atu50.66, and a similar
local minimum occurs atu51.88. The curvature of the po
tential near the minimak;0.1 eV/Å2. Taking the muon
mass at 106 MeV, the harmonic approximation then give
ground-state dispersion in position ofDx;0.4 Å, so the
muon might be localized near the local minimum ofu
51.88 in the absence of other effects such as self-trapp

We have performed a similar Ewald calculation for t
doped lattice using the average ionic charges, with es
tially the same result for the potential surface. We estima
the effect of doping in the unit cell, by treating the case of
substitution at the La sites as an additional negative charg
one of the five La sites nearest the apical oxygen. For
most common arrangement with the substitution at one of
fourfold coordinated La sites, this had the effect of elimin
ing the barrier at (2n11)p/4 on the sphere between adj
cent muon sites. However, allowing the muon to reside
tween two minima did not introduce very differen
frequencies.

One mechanism that would introduce different freque
cies would be to allow the muon site to become correla
with the charge modulation—if the charge modulation
made sufficiently narrow so that the muon could lower
energy by moving toward the high-spin, low-charge Cu11

region. However, simulations of the muon asymmetry sign
such as those described in the next section, show that
mechanism would lead to the presence of a relatively hi
frequency part of the oscillating asymmetry signal, whe
only one frequency is observed. We therefore expect that
muon site in the doped compounds is nearly the same as
in the undoped La2CuO4.

B. Spin structure and simulations

mSR is a real-space probe. As such it is difficult to dist
guish, usingmSR, among the various possible shapes for
spin modulation. However, simulating themSR signal allows
us to confirm that~1! the dominant frequency of themSR
signal is fairly independent of the shape of the modulati
and that~2! the presence of the antiphase stripe order d
not significantly alter the simple frequency-ratio calculati
of S0 .

Our simulations assembled the antiphase modulated
lattice several times with the phase of the modulation in e
plane randomly assigned to one of the values allowed by
commensurate modulation length~for a commensurate
modulation! or to any value~for an incommensurate modu
lation!. The magnetic field at the muon site was then cal
lated assuming a dipolar magnetic coupling between
electron spins and the muon spin.

The results for three different static modulations w
S051mB are shown in Fig. 12. The characteristics of ea
may be understood simply as the result of the differing lo
spin structures near the muon site. For the simple sinuso
modulation with wavelength of 8 lattice units, three differe
spin sizes (1,1/&,0) lead to three frequency peaks. For t
blocked-sinusoidal modulation of the same wavelength,
spin sizes lead to two peaks; and for an incommensu
modulation there is a continuum of allowed spin sizes a
,
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muon precession frequencies. A fourth kind of modulatio
related to the incommensurate spectrum, involves disorde
pinnings of the stripes which gives a locally incommensur
modulation with a variable wavelength. Intraplanar pha
disorder ~as distinguished from incommensurability! could
result from inhomogeneous pinning of intrinsically comme
surate stripes which stretches out the fundamental mod
tion and thereby introduces a continuum of local spin siz
The effects of phase disorder and incommensurability wo
be indistinguishable inmSR measurements.

The shape of the spin modulation envelope in t
La1.475Nd0.4Sr0.125CuO4 system has been determined by ne
tron scattering to be primarily sinusoidal. Bragg peaks fro
the higher harmonics would only have been a few percen
the intensity due to the~already small! fundamental reflec-
tion. The simulations from each of the modulations discus
above may be made to resemble the observed spectrum
La1.875Ba0.125CuO4 by including appropriate amounts o
Gaussian disorder or phase disorder/incommensurab
The simplest scenario consistent with both themSR and neu-
tron scattering results is a sinusoidal modulation with a h
degree of incommensurability or phase disorder.

According to the results of Fig. 12, the fundamental fr
quency observed for each of these spin structures would
approximately the same. Scaling the frequency for the
commensurate modulation simulation to the measured
quency in La1.875Ba0.125CuO4 givesS0'0.34mB for this spin
structure.

C. Comparison with neutron-scattering measurements

S0 from the neutron scattering measurements11 '0.1mB ,
which is a factor of 3 smaller thanS0 derived frommSR. A
likely explanation for this disparity is that, since neutro

FIG. 12. Simulated A' component of the muon asymmetr
spectrum for various shapes of the spin modulation, along with
corresponding magnetic-field distributions at the muon site.
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8768 PRB 58B. NACHUMI et al.
scattering is a nonlocal probe, disorder in the direction a
phase of the magnetic modulation reduceS0(neutron) as
compared toS0(mSR). A similar effect has been inferre
from the comparison ofmSR and neutron-scattering me
surements ofS0 for the low-TN samples of La2CuO42y .20

The measured values ofTN also substantially differ be
tween the two techniques. In Fig. 13, we compare the sc
intensity of the magnetic Bragg peak along with the ana
gous quantity derived from themSR data,A'unu2. ThemSR
and neutron-scattering data for the crystal were taken on
same sample. In the neutron-scattering experiment,
charge-ordering peaks show finite intensity belowTCO
'60 K, and the magnetic peaks show finite intensity bel
TN'50 K. However, as noted above, themSR measure-
ments show no magnetic order until the temperature dr
below 30 K. The cause of this disagreement may be
coarser energy resolution of the neutron-scattering exp
ment. Indeed, neutron-scattering measurements of diffe
crystals of La1.475Nd0.4Sr0.125CuO4 with tighter energy reso-
lutions show that the magnetic Bragg peak of the spin mo
lation broadens substantially aboveTN(mSR).29 This implies
that the magnetism betweenTN(neutrons) andTN(mSR), is
only quasistatic, with true static order belowTN(mSR).
These results are also consistent with the evidence tha
magnetism seen in thex50.20 system is quasistatic. In th
x50.125 system, apparently, the pinning effect is more p
nounced.

We have simulated the effect of slow fluctuations of t
spin stripe positions on the static La1.875Ba0.125CuO4 spec-
trum. The effect of spin fluctuations within a stripe should
similar, since for the locally nearly AF order the effect
spin flips or stripe movement beneath the muon are alm
equivalent. Similarly, the effect of fluctuations within com
mensurate and incommensurate spin structures would b
most the same.

We compare the relaxation of the Ai aligned componen
in La1.875Ba0.125CuO4 to the simulated relaxation rate t
roughly estimate the upper limit of such a fluctuation ra
Our simulation was dynamicized as follows: for each tim
step, we calculated the local dipolar field at the muon s

FIG. 13. Comparison of neutron scattering magnetic Bragg
tensity of the satellite peak in La1.475Nd0.4Sr0.125CuO4 to the analo-
gous quantity derived from themSR measurements.
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The muon polarization was developed according to
Bloch equations for the expectation values of the spin.

Figure 14 shows the results for the blocked-sine modu
tion with static Gaussian broadening andS051, with several
values of the hopping probability per nanosecondnh . Values
of nh down to about 12.53S0 ms21 would induce a relax-
ation of the Ai asymmetry component which is stronger,
relation to the oscillation frequency, than the rate seen in
data for the statically ordered La1.875Ba0.125CuO4 ceramic
samples. Hence our data confirm that the spins are st
with an upper limit for the hop rate ofnh53.75ms21 well
below TN(mSR).

We now briefly discuss the support in the neutro
scattering measurements for the incommensurate or ph
disordered lineshape described by a damped Bessel func
The neutron-scattering measurements of Tranquadaet al. on
La1.475Nd0.4Sr0.125CuO4 yield an incommensurate magnet
modulation wavevector ofe'0.11832p/a. One possible
explanation for this very incommensurate value is that ab
25% of the charge stripes are slightly displaced11 from the
position they would have in a commensurate modulati
The difference betweenS0(mSR) andS0(neutron) implies
that disorder plays a strong role in this system.e of the
dynamic modulations seen in SC samples increases pro
tionately tox. As x increases above 0.125,e changes very
slowly.10 This suggests that the stripes tend to be pinned
single spacing, even as the charge density increases. Fur
more, one might expect by this argument the gradual
struction of the static stripe phase as doping increases m
beyondx50.125, as is seen forx50.20.

As we mentioned above, the neutron measurements
suggest that the Cu moments cant out of the plane beloT
;5 K. Simulations for the incommensurate modulation su
gest that the field at the muon site will be enhanced, whic
consistent with the observed trend. However, as there
tradeoff in the fitting between relaxation and oscillation
the fast-relaxing signals, more quantitative comparisons
difficult to make. For muon site given above, a uniform ca

-

FIG. 14. The effect of stripe motion of the Gaussian-broade
spectrum for the blocked-sine modulation.
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ing of the Cu spins byp/4 out of the plane would tend to
increase theA' /ATot ratio for P̂m in the CuO2 plane. This
result is in agreement with the observed trend
La1.6Nd0.4Sr0.125CuO4 which was shown in Fig. 8, but quan
titative comparisons require more information on the orde
volume fraction in the La1.6Nd0.4Sr0.125CuO4 crystal.

D. Comparison to AF La2CuO4 systems

Figure 15 compares themSR frequencies for the sample
in this study to the frequencies in thex,0.02 samples mea
sured by Borsaet al.5 The doped AF samples show eviden
of two transitions. At intermediate temperatures, the prec
sion frequency in La1.984Sr0.016CuO4 is comparable to tha
seen in thex50.125 samples. However atT,50 K, there is
an enhancement of the frequency in La1.984Sr0.016CuO4 and
La1.986Sr0.014CuO4 which brings the ordered moments up
almost the full value for La2CuO4. Borsa et al. have ex-
plained the reduced magnetization in the intermediate t
perature range as the result of finite size effects due to
segregation of the doped holes in the CuO2 plane. Hone and
Castro-Neto6 have proposed an explanation of the reduct
of TN at light dopings in a similar physical picture by es
mating the effect of an anisotropy in the magnetic coupl
in the directions along and across the stripes. We plot
extrapolated zero-temperature magnetizationsM (x
50.125)/M (x50), andTN(x50.125)/TN(0) along with the
results of Borsaet al. and the finite-size theory in the lowe
panel Fig. 15. An important difference between the ligh
doped AF and the situation in thex>0.125 systems is tha
the antiphase magnetic order in the latter allows for stron
correlations through the regions where the spin is s
pressed. Hence, while real-space renormalization calc
tions for the lightly-doped AF show a crossover from tw

FIG. 15. Upper panel: themSR precession frequency for lightl
doped AF La22xSrxCuO4 with x,0.02. The data from the presen
study for x>0.125 is also shown. Lower panel: a plot of the r
ducedTN(x) and M (T50,x) for lightly doped AF La22xSrxCuO4

along with the prediction of Hone and Castro-Neto~from Ref. 6!,
and the data from the more highly doped samples in the pre
study.
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dimensional domains of correlated spins to one-dimensio
domains, and a concomitant loss of AF order atx;0.025,
the antiphase magnetic order is more robust and should
less reduced in dimension with doping.

E. Dimensionality of the magnetic order

Various mSR experiments highlight the importance
magnetic exchange anisotropy in determiningS0 for the vari-
ous cuprate antiferromagnetic systems. The quasi-o
dimensional, chainlike systems Sr2CuO3, Ca2CuO3, KCuF3,
and Ca0.966Zn0.034GeO3 have been studied by Kojimaet al.,25

who showed that, if one scalesTN by the stronger antiferro-
magnetic exchange along the chain direction~denoted JAF)
then S0 decreases withTM /JAF . The behavior of all of the
one-dimensional systems measured withmSR is very well
described by the ‘‘chain mean-field’’~CMF! theory of
Affleck.30 The CMF theory treats each chain exactly in t
mean field due to the other chains.

The data for the quasi-1D systems as well as the pre
tion of the chain mean-field theory are reproduced in Fig.
To this figure we add points for the quasi-2D cuprate an
ferromagnets composed of stacked CuO2 planes:
Sr2CuO2Cl2, Ca0.86Sr0.14CuO2, YBa2Cu3O6.15, and
La2CuO42y systems.20,31–34These quasi-2D systems all hav
S0'0.5mB , independent ofTN .

We now place the striped systems into this context. Let
assume that the coupling within the stripes does not cha
very much from the case of La2CuO4. Then, using a nomina
value of JAF'1300 K, we find that the striped systems i
termediate between the quasi-1D and quasi-2D limits.
another comparison, we also plot a point for the ‘‘3-leg la
der’’ material Sr4Cu6O10.35 As Fig. 17 shows, the structure
of the stripe and ladder materials are similar in that b
consist of nominally antiferromagnetic strips, three latti
constants across. For the ladder material, however, the in
ladder coupling is strongly frustrated. In the plot of Fig. 1
the ladder material falls in the quasi-1D regime. These co

nt

FIG. 16. A comparison of quasi-one-dimensional~closed
circles! ~Refs. 25 and 31!, quasi-two-dimensional~open squares!
~Refs. 20 and 32–34!, and stripe~stars! AF systems. The solid
curve is the relationship betweenS0 andTN /JAF derived in Ref. 30.
The dotted line roughly defines the observedS0 in all quasi-two-
dimensional systems.
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8770 PRB 58B. NACHUMI et al.
parisons suggest that the couplings across the boundarie
the stripe materials are comparatively stronger than for
quasi-1D materials, and that the electronic state in the
dered stripe material is not much reduced in dimensiona
from that in the undoped cuprate.

V. SUPERCONDUCTIVITY: TF- mSR MEASUREMENTS
ON x50.15, x50.20 SAMPLES

Emery, Kivelson, and Zachar,36 and Castro-Neto and
Hone,37 have developed theories of superconductivity
volving coherent arrays or networks of charge stripes in
antiferromagnetic background. Here we present TF-mSR
hysteresis measurements that are consistent with the
tence of microscopic superconducting networks even in
magnetically ordered state.

In TF mSR, muons are implanted into the sample w
their spins initially perpendicular to an applied magne
field HW . In the absence of any local inhomogeneities in
magnetic field, the muons would precess coherently, and
asymmetry function would be

A~ t !5A~0!cos~2pnt1f!,

wheren5gm/2pH, andf corresponds to the initial directio
of the muon spin. As in the ZF case, static and dynamic lo
fields broaden the frequency distribution and lead to a re
ation of the homogeneous field signal. In this case,

A~ t !5A~0!cos~2pn̄t1f!3G~ t !,

where G(t) is a relaxation envelope andn̄5gm/2pB̄local.
Here we are neglecting the effects on the frequency du
electronic polarization in the magnetic field, which is sm
for most systems.

There are two common ways to examine superconduc
ity in type-II materials with TFmSR. First, in field cooling
~FC! below Tc with Hc1,H,Hc2 , the finite penetration
depth of the magnetic field will broaden the static field d
tribution. In many cases this allows one to estimate the p
etration depth from the static TF muon relaxation functio
Unfortunately, in the systems considered here, the large
namic relaxation due to the Nd moments makes an extrac
of the static broadening difficult. Therefore, to test wheth
the samples containing Nd were superconductors, we c
pared the FC and zero-field-cooled~ZFC! TF relaxation
rates. Below the flux-pinning temperatureTp in a supercon-
ductor, these two rates should diverge with the ZFC r

FIG. 17. A comparison of~left! the 3-leg ladder cuprate
Sr4Cu6O10 and ~right! the CuO2 plane with hole stripes.
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becoming larger due to inhomogeneous pinning in the fl
lattice. The La1.45Nd0.4Sr0.15CuO4 and La1.4Nd0.4Sr0.2CuO4
crystals were mounted on silver backing, behind a sil
mask in a cold-finger cryostat. The asymmetries from
sample and the mask were counted separately, in a spe
ized Knight-shift apparatus.38 The degree of relaxation from
the silver mask signal provided a rough check of the stren
of the fringing fields in the sample.

The relaxation envelope in the sample signal was fit to
form G(t)5exp@2(Lt)b#. In addition, there was a sma
background signal estimated from a small long-lived com
nent of the oscillating asymmetry, most likely due to muo
from the silver backing. For both samples, the backgrou
signal accounted for less than 10% of the total asymme
Figure 18 compares sample spectra in FC and ZFC show
pronounced differences in relaxation rate. The compara
relaxation rates of the sample asymmetry are shown a
function of temperature in Fig. 19.

Below 7.5 K in La1.45Nd0.4Sr0.15CuO4 and 12.5 K in
La1.4Nd0.4Sr0.2CuO4, there is a large difference between th

FIG. 18. Comparison of FC and ZFC asymmetry spectra be
Tp for an applied TF of 1400 G.
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PRB 58 8771MUON SPIN RELAXATION STUDY OF THE STRIPE . . .
FC and ZFC relaxation rates. The relatively large relaxat
rate in La1.45Nd0.4Sr0.15CuO4 for Tp,T,20 K suggests tha
in this temperature regime, the static magnetic field is bro
ened due to the magnetic order in this system. Clearly,
relaxation rate is enhanced for the entire asymmetry in e
sample. TheTp value for La1.45Nd0.4Sr0.15CuO4 is roughly
consistent with the SQUID measurements of Ostensonet al.,
who found an irreversibility field of 4.5 kG atT56 K ~Ref.
18! in a different sample of this material.

These TF-mSR measurements by themselves do not r
out the possibility of patchy superconductivity on the sc
of the London penetration depth. The effect of the frin
fields in the vortex state in ZFC is so large that the case
disordered flux expulsion into nonsuperconducting patc
of the sample could be largely indistinguishable from t
case of uniform superconductivity with a disordered flux l
tice. Indeed, in ZFC, the asymmetry from the silver ma
was strongly relaxed, while in FC this relaxation was neg
gible. However, the large hysteresis effect suggests tha
these materials, superconductivity and magnetism coexis
the same regions of the sample. We checked this explic
for the La1.45Nd0.4Sr0.15CuO4 by pulverizing the same crysta
used in the hysteresis measurements.

The ZF-mSR spectra in Fig. 20 show that magnetic ord
with A' /Ai52.0260.21 occurredin the same sample. Be-
cause of the Nd moments throughout the sample, there
be no regions of the sample where themSR asymmetry does
not relax. Hence the presence of a volume fraction tha
invisible in ZF is highly unlikely. We may therefore estima
the upper limit of any unordered volume fraction from t
lower limit of the observed A' :Ai ratio. Calling the unor-
dered part of the total asymmetryd, we have

2
3 ~Atot2d!

1
3 ~Atot2d!1d

5
A'

Ai
.

FIG. 19. The FC and ZFC TF-mSR relaxation rates in
La1.45Nd0.4Sr0.15CuO4 and La1.4Nd0.4Sr0.2CuO4 crystals, in an ap-
plied field of 1400 G.
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d

Atot
5

22A' /Ai

21A' /Ai
.

Plugging in the numbers givesd/Atot'0.035, which
means that virtually the entire sample, with a lower limit
'97% of the volume, was in the magnetically ordered sta

VI. SUMMARY

We have presented the ZF-mSR spectra in several 21
cuprate systems where superconductivity has been
pressed in concert with the LTO→LTT transition. The data
from all samples are best described by a modulation
yields a single frequency within the uncertainties of t
asymmetry spectrum. On the time scale ofmSR, the order is
describable as an incommensurate static modulation of a
ferromagnetic order, or a commensurate modulation w
large inhomogeneous pinning effects. In th
La1.875Bs0.125CuO4 system, at the least, the magnetism
static to within a small fraction of the spontaneous prec
sion frequency.

There is strong evidence, from the successful neutr
scattering analysis of the Nd low-temperature interpla
correlations, and the LF-mSR data presented here, that
La1.62xNd0.4SrxCuO4, for x50.125 andx50.15, the Nd and
Cu spin systems remain distinct down toT'5 K.

The size of the ordered Cu moment,S0 , at 10 K is con-
stant within the uncertainties for all of the samples show
spontaneous precession, with a value estimated at 0.3mB .
Simple comparisons ofS0 and theTN /JAF ratio to those for
quasi-1D and quasi-2D spin-1/2 cuprate antiferromagn
suggest that the magnetic order in the stripe systems ma
close to the two-dimensional limit.

Measurements of the TF relaxation rates in single cry
La1.45Nd0.4Sr0.15CuO4 and La1.4Nd0.4Sr0.2CuO4 samples sug-
gest that, in addition to the bulk magnetic transition, the
samples also become superconducting below 10 and 7
respectively. ZF-mSR measurements on the pulverized cry
tal of La1.45Nd0.4Sr0.15CuO4 show that the entire volume o

FIG. 20. ZF spectra of the pulverized single-crystal sample
La1.45Nd0.4Sr0.15CuO4.
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this sample is entirely magnetically ordered. This obser
tion suggests that superconductivity and magnetic order
exist in the same volume of this material.
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