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We present zero-field muon spin relaxatiduSR) measurements of La Nd,,Sr,CuO, with
x=0.125,0.15,0.2; LyzdNdy B3y 104CUO,, Loy 5738 124CUO,,  and L g7B8 125, SKCUO,  with y
=0.025,0.065. All of the samples with dopant concentratioity<0.15 show similar static magnetic order
with coherent precession of the muon spins belgy 30 K, with aT—0 ordered Cu momer#0.3ug. The
samples withx=0.20 show no coherent precession but manifest two distinct relaxation regimes, typical of
guasistatic magnetism. We then present transverse-figlBR hysteresis measurements of the
Lay 4gNdg 4S1rp 1:Cu0, and La ,Nd, ,Sry ,CuQ, systems that show a large superconducting response below
approximatef 7 K and 12 K, respectively. We argue that superconductivity and magnetic order coexist in the
x=0.15 system[S0163-18268)09837-3

I. INTRODUCTION and have reproduced the observed dependence of the mag-
netic transition temperature on the extrapolaied 0 mag-
There is a complex interplay between superconductivitynetization. On the SC side, neutron-scattering studies have
and antiferromagnetism as a function of doping in theconsistently revealed low-energy dynaniicshat appear as
“214” high-T, cuprate superconductors £3Sr,CuQ, and  satellite peaks near the AF Bragg peak/4,m/a) in SC
La,_,Ba,CuQ,. The phase diagram for these materials as aamples of La_,Sr,CuQ, with a spliting wave vector of

function of temperature and doping is reproduced in Figs. nagnitudee~xx 2r/a wherea is the Cu-O-Cu lattice spac-
and 2. As with all the cuprates, the undoped parent materighg in the plane.

is an antiferromagnet, with a transition temperatdrg

-0 : c | A stripe mechanism has been proposed to explain the
~300 K. With increasing, the antiferromagneti€AF) or-

) i “1/8 effect” as the pinning of the dynamic stripe correla-
der is tgestroged, bOthIIEaX?I?CS.O“ gnd dLazEXSréCan tions on distortions in the CufOplanel®!! The structural

move through a spin-glass-like disordered phé8€) and .\ qiions of L@ g7dBa 124CUO, are shown in Fig. 1. Suc-
eventually become superconducting at dopant concentrations_ . x : .
of 0.05 and 0.07, respectively. However, at0.125 in  Co>oe transitions  in _L@7433,12CU0; from  high-
La, ,Ba,Cu0, and x~0.115 in La.Sr,CuO, Supercon- temperature tetragon@HTT) to orthorhombigLTO) to low-

ductivity is suppressed and magnetic order reemerges—thtgmpera_ture d_tetra_gona{LTT) s_tructu]rcalh phases én\:jolve
phenomenon known as the “1/8 effect™ successive distortions or rotations of the Gu&tahedra.

Descriptions of these materials from the AF and Super_From the HTT phase, the octahgdra distort about the tetrag-
conductor (SO sides of the phase diagram have recentlyonal (110 axis, diagonally furrowing the Cutplane. In the
concentrated on the importance of “stripe correlations” be-LTO—LTT transition, the octahedra distort about the
tween nearly one-dimensional strips of the Gu@ane. twinned (110) axis. The superposition of these two distor-
Borsaet al® have described the low-temperature magnetizations tends to buckle the Cy@®lane in the(100) and (010
tion for doped AFx<0.02 samples with a phenomenologi- directions of successive CyQayers. X-ray measurements
cal spin-wave model where the magnetic domains are finitshow that in Lag;$8y1,£Cu0,, the LTO and LTT phases
in one planar direction and bounded by segregated “‘chargeoexist well below the onset of the structural transition; the
rivers.” Hone and Castro Nefchave treated the weak AF suppression of superconductivity roughly correlates with the
stripe problem more generally within a nonlinearmodel, fraction of the sample in the LTT phase at low temperature.
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temperature and dopingfor La,_,Ba,CuQ, (Refs. 1-3. The elec-
tronic phases are indicated by solid lines connecting the open
squares. The electronic phases are antiferromagt®fic and su-

Sr Content x

FIG. 1. Electronic and structural phase diagrams as a function of F|G. 2. Electronic and structural phases as a function of tem-

perature and doping for La, ,Sr,CuQ, (Refs. 3, 5, and 12

perconductor(SC). The structural phases are indicated by dottedThe homogeneous AF phase of ,Ca0O, , with Ty

lines connecting the filled squares.

~290 K was first seen witikSR by Uemuraet all® Subse-

quent studies on L&uO,_, with 0<y<0.03 showed that,
In La, ,Sr,CuQ, 2 by contrast, only the HTT and LTO althoughTy varied substantially witty, the magnetization
phases are stable. The superconductivity in this compound [€Mained approximately constdfit Harshmanet al. first

correspondingly more robust. In the La Ndy ,Sr,CuO,

system the LTT phase is stabilized over a wide doping rangEh

with very little orthorhombic contamination below the tran-
sition, as shown in the phase diagram of Fig®3°Bichner
et al!® have argued that superconductivity is suppressed for
LTT phases of Lag Ndy ,Sr,CuQ, in which the tilting of
the octahedra exceeds a critical angle of 3.6°, i.e., for N
concentrations>0.18 per formula unit.

identified the SG phase withSR?! Hitti et al?? identified
e muon site in LgCuQ,

by comparing neutron-

scattering measurements of the moment size tqu®R pre-
cession frequency. As already mentioned, the lightly Sr-
doped region has been explored by Boesal.

The magnetism associated with the “1/8 effect” was first
identified in La g74Bag 1,4CUO, by Luke etal,? and for

ay gg:Sh 11:CUO,, by Kumagaiet al® In the wake of the
neutron-scattering studies of Tranquaetaal, four groups

On the hypothesis that the planar distortions aSSOCiateF!eported new uSR measurements on variously doped

with the LTO—LTT transition would pin dynamic magnetic La,Cuo,

correlations seen in superconducting samples
La,_,Sr,CuQ,, and motivated by the appearance of a stripe-
charge-segregation/magnetic order in the analogous nickel
perovskite!® Tranquada et all®!' searched for and

found static magnetic order forx=0.125,0.15,0.2 in

La; 6 xNd, 4Sr,CuQ, using neutron-scattering techniques. In
thex=0.125 sample, Tranquae al. found a charge segre-
gation that preceded the magnetic order. Below the
LTO—LTT transition, atTco, the charge segregated into
striped domains parallel to the distortions in the GuO
planel!’ At T\, <Tco, a locally AF order arose within the

La,s_Ndg4Sr,CuQ,

systems. Wageneet al. presented a study of
Of_al_g&ZNdZCqu that confirmed the presence of magnetic
rder forz>0.3.2 Lappaset al. found that a suppression of

fie LTOSLTT transition by substitution of Sr for Ba in
Lay g7Bag 12£CUQ,, or by the addition of excess oxygen, de-
stabilized the “1/8 effect” in this materid* Lappaset al.
and Lukeet al? confirmed with uSR the magnetic order
seen in La 474\Nd, 4Sty 124Cu0,, and compared thaSR fre-
guencies in the systems with and without Nd.

regions presumably bounded by the charge stripes, with —_ 80 ,_'To ! ! 'R
neighboring AF regions out of phase hy < 60 —u—u-u g\’ RN

Recent superconducting quantum interference device bl Pccn J ur N
(SQUID) measurement& suggest that superconductivity and é 40~ / -
stripe magnetic order coexist in these materials, which raises g / S~
the interesting possibility of the existence of a superconduct- € 20 _J i
ing network of quasi-one-dimensional wiréke charge-rich - | el s¢
stripes. However, there has been no confirmation of the rela- 0

.00 .05 0 .15 .20 .25

tive magnetic and superconducting volume fractions in a
single sample.

uSR techniques have been instrumental in establishing FIG. 3. Structural and electronic phase diagram for
the magnetic phase diagrams of the dopegO®), systems.  La, g ,Nd, ,Sr,CuQ, (Refs. 11 and 13-15

Sr Concentration x
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In this paper, we present a more detailed analysis of thevith respect to the samplewill not change from detector to
data in Refs. 2 and 4, along with previously un- detector. Even when this is not the case, the distortions due
published uSR data from Lag;Bay 125 xSKCUO,, to the differing intrinsic asymmetries is usually small.

Lay 4gNdg 4Sry 15CuO,, and La sNd, 4Srp ,Cu0, systems. The The normalized polarization functioiG(t), contains all
present study has two purposes. First, using the techniques of the information related to the magnetic field in the sample.
zero-field (ZF) uSR, we investigate the nature of the mag-In what follows, | is assumed to be constatthat is, the
netic order in a large variety of Ba-doped “1/8” and Sr- detectors are identicalThe quantity

doped samples that contain Nd. We extract the magnetic or-

dering temperatur&, , and the ordered Cu mome®§. The N4 (1) —N_(t)

behavior of the Cu spins in all of these compounds is almost N, (t)+N_(t)

certainly the same, the only differences being due to second- . )

ary ordering of the Nd moments. In terms of the ratio of thedefines the experimental asymme#&y(t). If we normalize
ordered moment to the scaled transition temperatur®y theNo for one of the detectors, then we may write
Tn/Jae, Where J¢ is the largest coupling constant in the
system, previougSR studie® have established the different Aglt) = 1-at(1+a)IG()
qualitative behaviors of quasi-two-dimensional systems of & 1+ta+(1-a)IG(Y)’
S=1/2 ions (like the cuprate antiferromagng¢tand quasi-
one-dimensional systemike the S=1/2 spin chain com-
pounds and the 3-leg “ladder” cuprateWe compare the
stripe mqterials to previously measured low-dimensional cu- Aed(1+a)+a—1
prate antiferromagnets. A =1G(t)=

Second, we demonstrate that in ;LaNdy sSr 1:CuO,
magnetism and superconductivity coexist in the same sample
volume. Using the techniques of transverse-figl&) uSR,

wherea=Ng /Ny . We invert the expression foke,t)
to obtain the “corrected asymmetryA(t), where

CltatAgdt)(a—1)"

We now outline the general features of the ZBR cor-

. rected asymmetry spectrum. If a well-defined electronic spin
we show that single crystals of LaNdosSlo.1sCuQy and 1 iy exists, then muon spins implanted at magnetically

La1:4Nd0_4Sro_2CuO4 S.hO\.N s!m|larly large hystere5|s effects equivalent lattice sites precess in identical fashion, leading to
attributable to flux pinning in the superconducting state. The

Lay 4dNdy st 1£CUO, crystal was then pulverized. ZESR a statistically large precession of the muon spin asymmetry

) : signal at a frequency defined by the field at that site:
measurements on this powdered sample show thagrntiee ™ 2mB h 27— 13.5 MHz/KG. Th )
samplebecomes magnetic. This suggests that the supercon. /#'< 7 PLocal: WNETE v, fem= > MH2z/kG. The static

: eld muon asymmetry signal is thus proportional to the fre-

ducting and magnetic phases microscopically coexist in th%uency Fourier cosine transform of the local field distribu-

tion.

For a dense local-field distribution, a static muon asym-
metry spectrum relaxes by the interference of infinitely many
frequency components. The relaxation envelope of the oscil-

In time-differential uSR, 100% polarized muons are im- lating signal reveals the characteristics of the field distribu-
planted, one at a time into a sample. The muon generallion. For a finite number of components, the asymmetry
resides in a well-defined location in the unit cell of the lat- spectrum shows characteristic beats @ndheory oscillates
tice, and precesses about the local magnetic Bglg until forever. For the intermediate case of several broad frequency
it decays into a positron and two neutrinos. The positron iP€aKS that are separated by more than their width, the muon
preferentially emitted along the instantaneous direction ofSymmetry signal will appear “multicomponent,” manifest-
the muon spin. One statistically reconstructs the muon polardd beats, but will not recover its full amplitude in the long-
ization as a function of time by forming the asymmetry be-time limit. _
tween the numbers of positrons emitted parallel and antipar- A fairly general phenomenological form for the asymme-

allel to the original muon polarization directidA?IM. try signal is therefore

The number of positron counts through each detector is I Max
histogrammed as a function of time. The histograms have the A()=A, >, Wicog2mv;t)Xexy — (A;t)Ai]
general formN(t)=Nge V7s[1+ CIG(t)]. HereN, is the i#0
total number of decay positrons in the histogram that would
be seen in the absence of any initial polarizatiNg.is pro- A< ex — (Agh 1.
portional to the total number of muons stopped, to the averThe ratiosw; :W; ; i,j#0 denote the relative weights of the
aged energy acceptance of each detector, and to the soliggquency components that are separated by more than their
angle of each detector,, is the lifetime of a muon at rest, djstribution widths, andy; is the mean frequency of each
approximately 2.197us. C is the projection oﬂ5ﬂ onto the  component. Ideally, one would also expect a variety of lon-
line connecting the center of the sample with the center ofjitudinal relaxation signals, each characterized by its own
the detector and is equal tol for ZF measurementb.is the  relaxation rateA and exponenp3, but the absence of a dis-
intrinsic asymmetry of the muon counter. This is the asym-inguishing frequency makes th signal difficult to ana-
metry of the muon decay as a function of energy, averagetyze in this way.
over the energy acceptance and solid angle of the detector. The ratioA, :A; (the ratio of oscillating to nonoscillating
For detectors of identical construction, placed symmetricallyparts of the asymmetry signakeveals the average degree to

stripe phase.

Il. ZF- uSR METHOD
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0.2

which I5M aligns with I§,_oca|. Muons with I5M\|I§Loca, do not
precess, although their polarizations may be dynamically re-
laxed by perpendicular fluctuations. In a homogeneous poly- 0.15
crystalline sample, with a static component to the local field,

because the crystallites orient randomly with respect to

I5M, A, /(A +A)=3, the isotropic average perpendicular 0.1
component of the muon spin. For a ceramic sample where
only a Vg4 portion of the total volumeVqy orders,

ZF La,g75805 155Cu0,
Ceramic

A (A +A)=2XVqe/Viq<%. In a single crystal, § 0.05
given |Sw the A, fraction will be given by Vg,g/Vio -
X (sir? 6,_g), where 6,_g is the angle betweer, and I e
I§|oca, at the muon site, and the brackets denote an average € _0.02 —
over domains o/ g,q. < 50K

The parameterd and g incorporate relaxation due to the 2 o2k Y
width of each component distribution and dynamics. Met 8 ' ZF e
represent the instantaneous valueBgfy. WhenA <y, A, S’ LA, 475Ndg 4Bag 15sCu0,

one may distinguish dynamic from static relaxation by in-
spection. The relaxation of tha, part of the asymmetry
signal results from fluctuations in the perpendicular direc- 0.1 |
tions. Hence in a homogeneously ordered powder sample
with fluctuating fields, thed,= 3 fraction relaxes to zero. In
such systems, there will be dynamic broadening of the oscil-
lating components as well. A static magnetic environment,

Ceramic

¥

by contrast, may cause a static disorder-induced broadening 0 02 R |
of the oscillating components, but tie fraction persists in "0 02505075 1 12515 3 5 7
the long-time limit described by=1/y,A. Time (us)
However, “the long-time limit” may not always be ac-
cessible in the experiment. Typical time-differentiaSR FIG. 4. Representative asymmetry spectra and (éslid

spectra are limited to about %0s. A more definitive way to  curves for ceramic samples of LU0, and
distinguish dynamic relaxation from static relaxation is thel-a1.474Ndo Bag 124CUC,.

application of a longitudinal fieldLF) that is a few times

larger than any ordered field in the sample. The muons pre- lll. ZF- uSR TIME SPECTRA

cess about the total field with frequeney In sufficiently We measured time-differential ZESR spectra at the
strong LF, the asymmetry does not oscillate because the 19113 and M15 surface muon channels of TRIUMF, in Van-
cal field and the initial muon polarization are nearly parallel,couyer, Canada. The samples were mounted in the tail of a
so thatA, —0. Then, any relaxation is due to dynamics thatstandard Janis gas-flow cryostat with a minimum tempera-
cause transitions between the local muon Zeeman states. igre of 3.5 K, or a cold-finger continuous-flow cryostat with
consider a Markovian spin decay, with an inverse spin life-3 minimum temperature of 1.8 K. The samples were
time of 4. Whenvy is large compared te, the relaxation  mounted on pure Ag backings. Once the stray fields at the
rate probes the spectral density of the field fluctuations agamples were minimized, muons landing in the backings or
energies BAv. The resulting muon asymmetry spectrum isin the (also Ag cryostat tails did not precess noticeably over

approximately exponential in shape: the time range studied. Because the samples under study did
possess a significant nuclear magnetic moment, we are able

A =A0)exp — Anomod) to distinguish those muons that land in the sample even in
with the absence of electronic magnetic order. However, because
in some setups the decay positrons due to muons landing in

202y, the Ag backing were not excluded from the histograms, the

Ahomog™ -5 - overall corrected asymmetry due to the sample alone had an

(2mv)“+ vy arbitrary amplitude, which depended on the overall sample

o size with respect to the beam spot.
If the distributions ofA or v4 vary over the sample vol-

ume, then a modified exponential relaxation A. Ba- and Nd,Ba-doped samples
A(t)=A(0)exd — (At)”] The ceramic Lag,Bag 1,:Cu0, samples showed sponta-
neous precession below~30 K, indicating magnetic or-
der of the Cu spins. The ceramic LgdNdy Bag 1,{CuO,

A=DXApomg showed similar magnetic order with the samg. Figure 4

¢ shows typical spectra from samples of each type. The spectra

with D, a number of order unity, an@ determined by the from both Ba-doped systems show a damped oscillation and
distributions ofA and v4.26728 a relaxing A component. It seems highly likely from Fig. 4

often describes the data, where now
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that substituting Nd at the La site in LgBa, 1,:CuQ, does 0.22 T
not significantly affect the Cu order. 5 LGZF Nd. .Srv CuO

The solid curves in Fig. 4 are fits to the phenomenological 7SO gas
form

Crystal

Q.15
A(t)=A, XJo(2mvt) X exp — A  tP)+A X exp(— A tP).

Here J, is the zeroth-order Bessel function of the first kind.
Some of the Lag;Bag 1,:Cu0, data had been fit previously
with a damped cosine functidif. The cosine fits tended to
yield values of the initial phase of the muon asymmetry that
were inconsistent with the known initial polarization of the

0.05

muon beam. Some possible implications of the Bessel form t \W
for the asymmetry function are discussed below. The value ob———— A vt B
of the extracted frequency does not depend strongly on —0.02 I T T TR T || N
which of the two functiongBessel or cosineis used, be- 7F

cause the first few zeros of the functions have the same spac-
ing to within 1%. The observed~3.5 MHz corresponds to
an average B.,~220 G at the muon site.

La,45Ndg 4Srg sCu0,

Crystal

Corrected Asymmetry (Arb.)

0.15
B. Ba+Sr-doped samples

Ceramic samples of La;Ba; 1S LU0, and
Lay g78B89.06510.0624CUO, showed two distinct magnetic vol-
umes. Below 30 K, and down to 5 K, part of these samples
showed a magnetic order with the same frequency as in the 0.05
single-dopant samples, while the rest of the sample relaxed
with the slow Kubo-Toyabe function typical to systems of

small disordered moments. Similar instances of distinct mag- 0 [~ ]
netic regions in mixed-dopant ceramic samples have been -0.02 —

reported previously by Lappast al,?* who attributed the 002505075 1 12515 4 6 8
reduced ordered fraction to the decreased pinning of the Time (us)

stripe order as less of the lattice undergoes the HIQT

transition. FIG. 5. Representative asymmetry spectra andditid curve$

for crystals of La 47dNdg 4Srg 124CUO, and La 4Ndg 4Sip 1£CUO,.

C. Nd,Sr-doped samples .
P P the relaxation parametersA and B for the

Figure 5 shows representative spectra fromg, ,.dNd, .St 1,:CUO, crystal, as functions of temperature.
crystal  samples  of = LayNdy4sSih124CUO,  and A increases below 5 K, suggesting that the temperature scale
Lay 4gNdp 4Slp 15CUO,. We also measured several ceramicfor the moments producing the relaxation differs markedly
samples at the&=0.125 composition that showed the samefrom T, . B decreases to 0.45 at low temperatures, suggest-
general behavior as the crystal. Bor0.125, Ty andv at  ing that the fluctuating magnetic field is inhomogeneous.
5 K<T<10 K are nearly identical to those seen in the Ba-This is consistent with the random placement of the Nd ions.
doped samples. For=0.15, Ty is slightly lower, but the Ideally, one would like to know the direction of the mag-
saturatingr remains unchanged. There were two significantnetic field at the muon site, in order to compare it to what
differences between the Sr-doped and Ba-doped samples. Abmes from the hypothesized spin structure. Figure 8 shows
T<5K, bothvandA, began to increase dramatically. The the relative oscillating volume fractioh, /A+,;, for ceramic
3.5 K spectrum for thex=0.15 sample in Fig. 5 shows this and crystal samples of LgNd, St 1,£CuQ,, which gives
effect. the value Vog/ VX (sind,_g) at the muon site in the

As Fig. 6 shows, the LF2kG measurements of sample. The ceramic asymmetry ratio saturateb=at0 K.

Lay 474Ndy 4Slp 124CUO, crystal reveal dynamic relaxation |f that the crystal also achieves its maximal ordered volume
that is almost completely absent from the, kaBa, 1.4CuO,  fraction at the same temperature, then the difference in the
ceramic. temperature dependences Af /Aty below 10 K suggests

The neutron-scattering analysis suggests that~ab K,  that the Cu moments may be changing direction in this sys-
the Nd ions begin to order following the Cu order, while thetem.

Cu moments themselves begin to cant out of the plane. We
suspect that the low-temperature enhancement of the fre-
guency may be due to the canting Cu moments, while the
increased relaxation may be due to the fluctuating Nd spins. Figure 9 showsy as a function of temperature for the

Because the Nd spins are only randomly present in the latrarious samples witk=<0.15. T\, for all of these samples is

tice, the Nd ordering should increase the relaxation rate, buapproximately the same regardless of the presence of Nd or
should not produce any coherent oscillations. Figure 7 showshether the sample is doped with Ba, Sr, or both. Exclusive

D. Summary of measurements on thex<0.15 samples
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oa7zs T T T T T T T ] Ldy.475Ndg.4Sro,125C U0,
LF=2kG 25 F 7 4
0.15 - e % LF=2kG
W' Wty W A exp(— (A0
= 0125 b t 1 1 3 15 5
8 < 10}
0.1 | LoysrsBagsCuUO . 2
g 18752 %%0.125 4 05 t .
< 0075 [ T=10K ; 0.0 ,"%8949 gnoq
3
2 10 | 1
g 005 os | ; %
(§ Q. . o8 @ §
0.025 08 r . a®
0.4
0 0.2 r
L L L L L L L O‘O ! ! * *
-0.025 — 0 20 40 60 80 100
Temperature (K)
0.15 L04475Ndg.4Srg.125CU0,
To10K FIG. 7. Temperature dependences(infp) relaxation powerA
- 0.125 - | and (bottom) relaxation exponeng for the La 474Ndg 4Srp 124CUO,
% crystal.
£ = N
£ 0.1 LF=2ke ] The low-temperatureuSR spectrum, shown in Fig. 10,
5(1‘ shows no static recovery, which implies that the magnetic
< 0075 fields in this sample remained dynamic down to 1.88 K. The
5 i initial relaxation is four times as fast as the frequency due to
g 005 1vg the ordered Cu moments in the=0.125 andx=0.15
3 samples. LF measurements on a ceramic sample of the same
0.025 composition show that the fast relaxation begins to decouple
at 1 kG. It therefore seems likely that this fast relaxation is
0 due to the combined quasistatic ordering of Nd and Cu mo-
0.025 ments, and that in th&=0.20 samples, in contrast to the

lower-doping samples, the temperature scales of the Cu and
Nd spin systems are not well separated. These results suggest
Time (us) that the magnetic order inferred from the neutron scattering

data for thex=0.20 systertf is in fact only quasistatic.
FIG. 6. Comparative decoupling @t=10 K and LF=2 kG for

(top) Ba-doped ceramic angottom Sr-doped crystal. IV. DISCUSSION OF THE MAGNETIC ORDER

i _ Because of the similarities among the data from all of the
of the T<5 K enhancement in the samples with Ndsatu- samples withx=0.125 andx=0.15, we analyze the mag-

rates at the same value of 3.5 MHz. This frequency results

from the ordered Cu moment. Ignoring the low-temperature La,6Ndg.4Srg.1p5CU0,
T

effects of the Nd-Cu coupling, we identify this frequency as -0 ' '

the intrinsic magnetization of the Cu ordering in these sys- B Xtal P in plane

tems. We may roughly estimate the size of the ordered mo- 08 r § O Ceramic N
ment by assuming that the muon site is unchanged from that [

in undoped LaCuQ,. In this case, the ratio of the ordered .06 Lk ] i
moment sizes should approximately equal the ratio of the < o Iﬁ 0

frequencies. For L#uQ, Uemura etal. found v ™~ Sl @ E

—b5.8 MHz at low temperatures, for an ordered moment of <04 %I & [ 7
approximately 0.ng. Therefore by this method,S, g:

~0.3ug. The more detailed calculation presented in the dis- 02 k S| ﬁ i
cussion below, which takes into account the modulated an- hll

tiphase spin structure seen in jLadNdg 4Sry 1,£CuU0O, and ' T |
Lay 44Ndg 4Stp 1:CU0,, ° gives nearly the same result. 0.0 0 16' 2'0 uslo ;_'—4'0

Temperature (K)

E. x=0.2 samples .
FIG. 8. Comparison of the temperature dependence of the

In contrast with the results mentioned above, ZBR A, /A, asymmetry fraction between ceramic and crystal samples
measurements on the L @Nd, 4Sty ,CuQ, crystal revealed no  of Lay 4.Ndy St 14CUQ,.  This quantity is proportional to
coherent magnetic order for temperatures down to 1.88 KVq,/VoX{Sir? 6, g) at the muon site.
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netic order in the same generic picture of antiphase stripe
magnetic order with little correlation between different GuO

planes. It is important to note, however, that there is as yel
no other experimental evidence for such stripe magnetism ir
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FIG. 11. The electrostatic potential energy surface as a function
of #and ¢ at a radius b1 A from the apical oxygen, as calculated
with an Ewald sum. The asterisk denotes one of the four equivalent
sites found by Hittiet al. (Ref. 22.

the La g78ay.12:CUO, system. Large single crystal samples
appropriate for neutron-scattering measurements have not
been available. This is unfortunate, because only the
Lay g7Bag 12:CU0, system is free of the broadening due to
the Nd dynamics; nevertheless, we proceed on the assump-
tion that the two examples of magnetic order are of similar
origin.

A. The muon site

To definitively extractS, from the measured ZSR sig-
nal, we need to establish the muon site. Hatial. have
deduced the muon site in undoped,Ca0, by assuming
that the muon resides 1.0 A away from an oxygen site and
simulating theuSR frequency as a function of the muon
position in the ordered state, with the ordered moment deter-
mined by neutron scattering. They concluded that in this ma-
terial the muon resides near the apical oxygen, at fractional
coordinates X/a,y/b,z/c)=(0.253,0,0.162), or at an angu-
lar position (=1.569, $=nmu/2) on the sphere of radius
1.0 A surrounding the apical oxygen. The barriers between
these sites are due mostly to the four La ions located at the
intermediate angles. This site is not the global electrostatic
minimum on the spherical surface surrounding the apical

1.88 K, and the decoupling in 1 kG for a ceramic sample at 4.4 Koxygen.
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Figure 11 shows the results of a simple Ewald calculation, 1.0 160
assuming ionic charges, for this surface. The global mini- 05 120
mum for undoped LgCuQ, occurs atd=0.66, and a similar )
local minimum occurs ab=1.88. The curvature of the po- 0.0 —80
tential near the minima&~0.1 eV/A2. Taking the muon
mass at 106 MeV, the harmonic approximation then gives a 05 40 >
ground-state dispersion in position dfx~0.4 A, so the £ _;g b T
muon might be localized near the local minimum 6f ¢ S
=1.88 in the absence of other effects such as self-trapping.€ 0.5 1730 ~

.. . 2> e}

We have performed a similar Ewald calculation for the 2 sgo 2
doped lattice using the average ionic charges, with esseng U V vV >
tially the same result for the potential surface. We estimateds —0.5 - —250 -
the effect of doping in the unit cell, by treating the case of Sr% C°"‘|Z"ci'|’:d”'§f%+ i““u | >
substitution at the La sites as an additional negative charge ¢ ~° 1 1 ° 35
one of the five La sites nearest the apical oxygen. For the g [/\q] -+ —750
most common arrangement with the substitution at one of the /\ A A
fourfold coordinated La sites, this had the effect of eliminat- 0.0 \/ VA gav —1°00
ing the barrier at (8+1)#w/4 on the sphere between adja- _osk ] s
cent muon sites. However, allowing the muon to reside be- ' Commensurate+ 1
tween two minima did not introduce very different -1.0 ' 0
frequencies. 0.0 0.5 0 125 250 375 500

One mechanism that would introduce different frequen- Time (S, 'us) Field (2.5%1072S,MHz)

cies would be to allow the muon site to become correlated

with the charge modulation—if the charge modulation is FIG. 12. Simulated A component of the muon asymmetry
made sufficiently narrow so that the muon could lower itsspectrum for various shapes of the spin modulation, along with the
energy by moving toward the high-spin, low-charge™Cu corresponding magnetic-field distributions at the muon site.
region. However, simulations of the muon asymmetry signal,

such as those described in the next section, show that thigyon precession frequencies. A fourth kind of modulation,
mechanism would lead to the presence of a relatively highre|ated to the incommensurate spectrum, involves disordered
frequency part of the oscillating asymmetry signal, wherepinnings of the stripes which gives a locally incommensurate
only one frequency is observed. We therefore expect that thgodulation with a variable wavelength. Intraplanar phase
muon site in the doped compounds is nearly the same as thafsorder (as distinguished from incommensurabilitgould
in the undoped LgCuO,. result from inhomogeneous pinning of intrinsically commen-
surate stripes which stretches out the fundamental modula-
tion and thereby introduces a continuum of local spin sizes.
The effects of phase disorder and incommensurability would
uSR is a real-space probe. As such it is difficult to distin-be indistinguishable inSR measurements.
guish, usinguSR, among the various possible shapes for the The shape of the spin modulation envelope in the
spin modulation. However, simulating theSR signal allows  Lay 474Ndg 4Srg 1o£CuQ, system has been determined by neu-
us to confirm that(1) the dominant frequency of theSR  tron scattering to be primarily sinusoidal. Bragg peaks from
signal is fairly independent of the shape of the modulationthe higher harmonics would only have been a few percent of
and that(2) the presence of the antiphase stripe order doethe intensity due to théalready sma)l fundamental reflec-
not significantly alter the simple frequency-ratio calculationtion. The simulations from each of the modulations discussed
of S. above may be made to resemble the observed spectrum for
Our simulations assembled the antiphase modulated spima; g74B& 1,4CuO, by including appropriate amounts of
lattice several times with the phase of the modulation in eaclaussian disorder or phase disorder/incommensurability.
plane randomly assigned to one of the values allowed by th&he simplest scenario consistent with both gt#R and neu-
commensurate modulation lengttfor a commensurate tron scattering results is a sinusoidal modulation with a high
modulation) or to any value(for an incommensurate modu- degree of incommensurability or phase disorder.
lation). The magnetic field at the muon site was then calcu- According to the results of Fig. 12, the fundamental fre-
lated assuming a dipolar magnetic coupling between thguency observed for each of these spin structures would be
electron spins and the muon spin. approximately the same. Scaling the frequency for the in-
The results for three different static modulations with commensurate modulation simulation to the measured fre-
Sy=1ug are shown in Fig. 12. The characteristics of eachquency in La g7Bay 1,{Cu0, gives Sy~ 0.34up for this spin
may be understood simply as the result of the differing locaktructure.
spin structures near the muon site. For the simple sinusoidal
modulation with wavelength of 8 lattice units, three different
spin sizes (1,2,0) lead to three frequency peaks. For the
blocked-sinusoidal modulation of the same wavelength, two S, from the neutron scattering measureménts0.1ug,
spin sizes lead to two peaks; and for an incommensuratehich is a factor of 3 smaller thag, derived fromuSR. A
modulation there is a continuum of allowed spin sizes andikely explanation for this disparity is that, since neutron

B. Spin structure and simulations

C. Comparison with neutron-scattering measurements
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FIG. 14. The effect of stripe motion of the Gaussian-broadened

scattering is a nonlocal probe, disorder in the direction angpectrum for the blocked-sine modulation.
phase of the magnetic modulation redusgneutron) as
compared toSy(«SR). A similar effect has been inferred The muon polarization was developed according to the
from the comparison ofuSR and neutron-scattering mea- Bloch equations for the expectation values of the spin.
surements of5, for the low-T samples of L§(3u04,y.20 Figure 14 shows the results for the blocked-sine modula-

The measured values dfy also substantially differ be- tion with static Gaussian broadening aB¢= 1, with several
tween the two techniques. In Fig. 13, we compare the scaledalues of the hopping probability per nanosecend Values
intensity of the magnetic Bragg peak along with the analo-of v, down to about 12.5 S, us ! would induce a relax-
gous quantity derived from theSR dataA, |v|2. TheuSR  ation of the A asymmetry component which is stronger, in
and neutron-scattering data for the crystal were taken on theelation to the oscillation frequency, than the rate seen in the
same sample. In the neutron-scattering experiment, thdata for the statically ordered Lga,1,4CuQ, ceramic
charge-ordering peaks show finite intensity beldWg g samples. Hence our data confirm that the spins are static,
~60 K, and the magnetic peaks show finite intensity belowwith an upper limit for the hop rate of,=3.75us * well
Ty~50 K. However, as noted above, theéSR measure- below Ty(uSR).
ments show no magnetic order until the temperature drops We now briefly discuss the support in the neutron-
below 30 K. The cause of this disagreement may be thecattering measurements for the incommensurate or phase-
coarser energy resolution of the neutron-scattering experdisordered lineshape described by a damped Bessel function.
ment. Indeed, neutron-scattering measurements of differefithe neutron-scattering measurements of Tranqeadd on
crystals of La 474Ndg 4Srg 1o4CUO, with tighter energy reso-  Lay 47gNdg 4Shy 124CUQ, yield an incommensurate magnetic
lutions show that the magnetic Bragg peak of the spin modumodulation wavevector ok~0.118<27x/a. One possible
lation broadens substantially abolg(xSR) 2° This implies  explanation for this very incommensurate value is that about
that the magnetism betwedh,(neutrons) andy(uSR), is  25% of the charge stripes are slightly displaeiom the
only quasistatic, with true static order beloWw(uwSR).  position they would have in a commensurate modulation.
These results are also consistent with the evidence that thEhe difference betweeB,(uwSR) andSy(neutron) implies
magnetism seen in the=0.20 system is quasistatic. In the that disorder plays a strong role in this systemmof the
x=0.125 system, apparently, the pinning effect is more prodynamic modulations seen in SC samples increases propor-
nounced. tionately tox. As x increases above 0.125,changes very

We have simulated the effect of slow fluctuations of theslowly.!° This suggests that the stripes tend to be pinned at a
spin stripe positions on the static LgBay 12:CuO, spec-  single spacing, even as the charge density increases. Further-
trum. The effect of spin fluctuations within a stripe should bemore, one might expect by this argument the gradual de-
similar, since for the locally nearly AF order the effect of struction of the static stripe phase as doping increases much
spin flips or stripe movement beneath the muon are almodieyondx=0.125, as is seen for=0.20.
equivalent. Similarly, the effect of fluctuations within com-  As we mentioned above, the neutron measurements also
mensurate and incommensurate spin structures would be auggest that the Cu moments cant out of the plane b&low
most the same. ~5 K. Simulations for the incommensurate modulation sug-

We compare the relaxation of the Aligned component gest that the field at the muon site will be enhanced, which is
in Lay g7Ba&y.12CUO, to the simulated relaxation rate to consistent with the observed trend. However, as there is a
roughly estimate the upper limit of such a fluctuation rate tradeoff in the fitting between relaxation and oscillation in
Our simulation was dynamicized as follows: for each timethe fast-relaxing signals, more quantitative comparisons are
step, we calculated the local dipolar field at the muon sitedifficult to make. For muon site given above, a uniform cant-
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M(x),/M(0) circles (Refs. 25 and 3l quasi-two-dimensionalopen squares

(Refs. 20 and 32-34 and stripe(starg3 AF systems. The solid
FIG. 15. Upper panel: thaSR precession frequency for lightly curve is the relationship betwe&g and Ty /Jar derived in Ref. 30.
doped AF La_,Sr,CuQ, with x<0.02. The data from the present The dotted line roughly defines the obsen&gin all quasi-two-
study forx=0.125 is also shown. Lower panel: a plot of the re- dimensional systems.
ducedTy(x) andM(T=0x) for lightly doped AF La_,SrCuQ,
along with the prediction of Hone and Castro-Nétmm Ref. 6,  dimensional domains of correlated spins to one-dimensional
and the data from the more highly doped samples in the preseffomains, and a concomitant loss of AF orderxat0.025,
study. the antiphase magnetic order is more robust and should be
less reduced in dimension with doping.
ing of the Cu spins byr/4 out of the plane would tend to
increase theA, /A+ ratio for ﬁ’M in the CuQ plane. This
result is in agreement with the observed trend in
Lay gNdq 4St.126CUQ, which was shown in Fig. 8, but quan- Various uSR experiments highlight the importance of
titative comparisons require more information on the orderednagnetic exchange anisotropy in determingdor the vari-
volume fraction in the LagNdy 4Sr, 1,4CuQ, crystal. ous cuprate antiferromagnetic systems. The quasi-one-
dimensional, chainlike systems,8u0;, CaCuO;, KCuk;,
and Cg gsZNo.0343€0; have been studied by Kojinet al, >
who showed that, if one scal@g, by the stronger antiferro-
Figure 15 compares theSR frequencies for the samples magnetic exchange along the chain directidenoted Jg)
in this study to the frequencies in tlxe<0.02 samples mea- thenS, decreases witfy,/Jyr. The behavior of all of the
sured by Borsat al® The doped AF samples show evidence one-dimensional systems measured wiiR is very well
of two transitions. At intermediate temperatures, the precesdescribed by the “chain mean-field{CMF) theory of
sion frequency in LaggSh 01CUO, is comparable to that Affleck.3° The CMF theory treats each chain exactly in the
seen in thex=0.125 samples. However & 50 K, there is mean field due to the other chains.
an enhancement of the frequency in; @Sty 91£CUO, and The data for the quasi-1D systems as well as the predic-
Lay geSTy.0142UQ, Which brings the ordered moments up to tion of the chain mean-field theory are reproduced in Fig. 16.
almost the full value for LgCuQ,. Borsaet al. have ex- To this figure we add points for the quasi-2D cuprate anti-
plained the reduced magnetization in the intermediate tenferromagnets composed of stacked GuOplanes:
perature range as the result of finite size effects due to th8r,CuG,Cl;, Ca geSIy 14U, YBa,CusOg 15, and
segregation of the doped holes in the Gyilane. Hone and  La,CuQ,_, systemg?!~**These quasi-2D systems all have
Castro-Netb have proposed an explanation of the reductionSy~0.5ug, independent ofry .
of Ty at light dopings in a similar physical picture by esti-  We now place the striped systems into this context. Let us
mating the effect of an anisotropy in the magnetic couplingassume that the coupling within the stripes does not change
in the directions along and across the stripes. We plot theery much from the case of L&uQ,. Then, using a nominal
extrapolated  zero-temperature  magnetization®(x  value of Jg~1300 K, we find that the striped systems in-
=0.125)M(x=0), andTy(x=0.125)/T(0) along with the  termediate between the quasi-1D and quasi-2D limits. For
results of Borsat al. and the finite-size theory in the lower another comparison, we also plot a point for the “3-leg lad-
panel Fig. 15. An important difference between the lightlyder” material S§CusO;.° As Fig. 17 shows, the structures
doped AF and the situation in the=0.125 systems is that of the stripe and ladder materials are similar in that both
the antiphase magnetic order in the latter allows for strongegonsist of nominally antiferromagnetic strips, three lattice
correlations through the regions where the spin is supeonstants across. For the ladder material, however, the inter-
pressed. Hence, while real-space renormalization calculdadder coupling is strongly frustrated. In the plot of Fig. 16,
tions for the lightly-doped AF show a crossover from two- the ladder material falls in the quasi-1D regime. These com-

E. Dimensionality of the magnetic order

D. Comparison to AF La,CuO, systems
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V. SUPERCONDUCTIVITY: TF- uSR MEASUREMENTS La;4Ndg,Sro,Cu0, FC/ZFC TF=1.4kG
ON x=0.15,x=0.20 SAMPLES 0.z

0.15

Emery, Kivelson, and Zachaf, and Castro-Neto and
Hone®” have developed theories of superconductivity in- 0.1
volving coherent arrays or networks of charge stripes in ans
antiferromagnetic background. Here we present uBR
hysteresis measurements that are consistent with the exis>, 0

Y

0.05

T

A1jpwwisy punolbyoog

symme

tence of microscopic superconducting networks even in the< X
magnetically ordered state. o 005 T
In TF SR, muons are implanted into the sample with 8 _g,
their spins initially perpendicular to an applied magneticg
0.15

field H. In the absence of any local inhomogeneities in the
magnetic field, the muons would precess coherently, and the  _g.2
asymmetry function would be

A(t):A(O)COS(Zﬂ,Vt_’_ ¢)’ 0 0.1 0.2 0.3 0.4 0.5

L . . TIME (us)
wherev=1,/2mwH, and¢ corresponds to the initial direction

of the muon spin. As in the ZF case, static and dynamic local FIG. 18. Comparison of FC and ZFC asymmetry spectra below
fields broaden the frequency distribution and lead to a relax¥, for an applied TF of 1400 G.
ation of the homogeneous field signal. In this case,

becoming larger due to inhomogeneous pinning in the flux

A(t)=A(0)cog 27 vt + ¢) X G(t), lattice. The La4gNdy4Sr.1sCUO,; and La Ndy Sty Cu0,
o . crystals were mounted on silver backing, behind a silver
where G(t) is a relaxation envelope ang=y,/27B|ucy- mask in a cold-finger cryostat. The asymmetries from the

Here we are neglecting the effects on the frequency due teample and the mask were counted separately, in a special-
electronic polarization in the magnetic field, which is smallized Knight-shift apparatu¥ The degree of relaxation from

for most systems. the silver mask signal provided a rough check of the strength
There are two common ways to examine superconductivef the fringing fields in the sample.
ity in type-ll materials with TFuSR. First, in field cooling The relaxation envelope in the sample signal was fit to the

(FC) below T, with Hy;<H<H,,, the finite penetration form G(t)=exd—(At)?]. In addition, there was a small
depth of the magnetic field will broaden the static field dis-background signal estimated from a small long-lived compo-
tribution. In many cases this allows one to estimate the penaent of the oscillating asymmetry, most likely due to muons
etration depth from the static TF muon relaxation function.from the silver backing. For both samples, the background
Unfortunately, in the systems considered here, the large dysignal accounted for less than 10% of the total asymmetry.
namic relaxation due to the Nd moments makes an extractiokigure 18 compares sample spectra in FC and ZFC showing
of the static broadening difficult. Therefore, to test whethempronounced differences in relaxation rate. The comparative
the samples containing Nd were superconductors, we contelaxation rates of the sample asymmetry are shown as a
pared the FC and zero-field-coold@FC) TF relaxation function of temperature in Fig. 19.

rates. Below the flux-pinning temperatufg in a supercon- Below 7.5 K in Lg 49Ndy4Sr1:CuQ, and 12.5 K in
ductor, these two rates should diverge with the ZFC ratd-a; 4/Nd, ,Srp ,CuQ,, there is a large difference between the
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FIG. 19. The FC and ZFC TSR relaxation rates in Then,

Lay 4gNd 4S1p.15CuO, and La sNdy .Sty ,CuQ, crystals, in an ap-

plied field of 1400 G. 6 _2-AIA
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FC and ZFC relaxation rates. The relatively large relaxation

rate in La 4gN\dy 4Stp 15CU0, for T,<T<20 K suggests that

in this temperature regime, the static magnetic field is broad-

ened due to the magnetic order in this system. Clearly, the

relaxation rate is enhanced for the entire asymmetry in each

Plugging in the numbers give$/A;,=~0.035, which
gmeans that virtually the entire sample, with a lower limit of
97% of the volume, was in the magnetically ordered state.

sample. TheT, value for Lg 4Ndy 4Stp1:CuUQ, is roughly VI. SUMMARY

consistent with the SQUID measurements of Osteredaa,, We have presented the ZESR spectra in several 214
who found an irreversibility field of 4.5 kG at=6 K (Ref.  cyprate systems where superconductivity has been sup-
18) in a different sample of this material. pressed in concert with the LTOLTT transition. The data

These TFuSR measurements by themselves do not rulgrom a)l samples are best described by a modulation that
out the possibility of patchy superconductivity on the scaleyie|gs a single frequency within the uncertainties of the
of the London penetration depth. The effect of the fringeasymmetry spectrum. On the time scaleu®R, the order is
fields in the vortex state in ZFC is so large that the case of gescribable as an incommensurate static modulation of anti-
disordered flux expulsion into nonsuperconducting patCheFerromagnetic order, or a commensurate modulation with
of the sample could be largely indistinguishable from thelarge inhomogeneous  pinning  effects.  In  the
case of uniform superconductivity with a disordered flux Iat-|_al g7B%,1CUO, System, at the least, the magnetism is

tice. Indeed, in ZFC, the asymmetry from the silver maskgiagic to within a small fraction of the spontaneous preces-
was strongly relaxed, while in FC this relaxation was negli-gjq, frequency.

gible. However, the large hysteresis effect suggests that in Tphere is strong evidence, from the successful neutron-
these materials, superconductivity and magnetism coexist chattering analysis of the Nd low-temperature interplanar
the same regions of the sample. We checked this eXp"Ciﬂkéorrelations, and the LE:SR data presented here, that in
for thg La1_45Nd0_48r0_1_5CuO4 by pulverizing the same crystal Lay 6 (Ndo 4Sr,CuQ;, for x=0.125 andk=0.15, the Nd and
used in the hysteresis measurements. , Cu spin systems remain distinct downTe-5 K.

. The ZFuSR spectra in Fig. 20 show that magnetic order  tha size of the ordered Cu momes,, at 10 K is con-
with A, /A;=2.02+0.21 occurredn the same sampldBe-  ¢ant within the uncertainties for all of the samples showing
cause of 'Fhe Nd moments throughout the sample, there W'gpontaneous precession, with a value estimated atg0.3
be no regions of the sample where i8R asymmetry does  gjmnie comparisons d8, and theTy/J,r ratio to those for
not relax. Hence the presence of a volume fraction that igaqi.1p and quasi-2D spin-1/2 cuprate antiferromagnets
invisible in ZF is highly unlikely. We may therefore estimate suggest that the magnetic order in the stripe systems may be
the upper limit of any unordered vo_Iume frgction from the 4 ose to the two-dimensional limit.
lower limit of the observed A'A, ratio. Calling the unor- Measurements of the TF relaxation rates in single crystal
dered part of the total asymmetsy we have Lay 4Ndy 4St 1:CUO, and La Ndy .St ,CUO, samples sug-

gest that, in addition to the bulk magnetic transition, these
2(A— ) A samples also become superconducting below 10 and 7 K,
3ot W - respectively. ZFuSR measurements on the pulverized crys-
LAp—8)+68 A tal of Lay 4gN\Nd, 4SSty 1:CuQ, show that the entire volume of
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