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Systematic 63Cu NQR study of the stripe phase in La1.62xNd0.4SrxCuO4 for 0.07<x<0.25

P. M. Singer, A. W. Hunt, A. F. Cederstro¨m, and T. Imai
Department of Physics and Center for Materials Science and Engineering, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139
~Received 10 June 1999!

We demonstrate that the integrated intensity of63Cu nuclear quadrupole resonance~NQR! in
La1.62xNd0.4SrxCuO4 decreases dramatically below the charge-stripe ordering temperatureTcharge. Compari-
son with neutron and x-ray scattering indicates that the wipeout fractionF(T) ~i.e., the missing fraction of the
integrated intensity of the NQR signal! represents the charge-stripe order parameter. The systematic study
reveals bulk charge-stripe order throughout the superconducting region 0.07<x<0.25. As a function of the
reduced temperaturet[T/Tcharge, the temperature dependence ofF(t) is sharpest for the hole concentration
x;1/8, indicating thatx;1/8 is the optimum concentration for stripe formation.@S0163-1829~99!03546-8#
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I. INTRODUCTION

Research into the stripe phase of the CuO2 plane has con-
tinued to expand1–6 since its experimental discovery in 199
by Tranquadaet al.7 Static charge-stripe order was observ
for La1.62xNd0.4SrxCuO4 with x50.12~Ref. 8! with an onset
temperatureTcharge;65 K using neutron diffraction. The
same charge-order superlattice peaks were recently
firmed using hard x-ray diffraction by Zimmermanet al.9

and a similarTcharge;70 K was found. Even more recently
charge-order superlattice peaks have been observe
La1.45Nd0.4Sr0.15CuO4 by Niemöller et al.10 using hard
x-rays, and they report a slightly lower onset temperat
Tcharge;62 K. Charge transport studies o
La1.62xNd0.4SrxCuO4 by Nodaet al.11 also support a static
charge-stripe picture. The Hall coefficient shows a dram
decrease starting aroundTcharge, reflecting the one-
dimensional nature of the charge transport in the stri
phase. Furthermore, the decrease is sharpest aroundx
51/8 doping where stripe order is believed to be m
robust.7

The observation of spin-stripe order has been reported
an even wider range of doping. Neutron scattering by Tr
quadaet al.12 successfully detected static spin-stripe ord
for x50.12, 0.15, and 0.20 atTspin; 50, 45, and 20 K,
respectively. These findings have been comfirmed and
tended with more recent measurements by Ichikawaet al.13

The neutron scattering experiments12 also observe a decrea
ing sublattice magnetization away from 1/8 doping, and
commensurabilities that are similar to those for t
La22xSrxCuO4 series.14 The most interesting feature, how
ever, is that the onset temperatureTspin for spin-stripe order
in La1.62xNd0.4SrxCuO4 at x50.12 is 50 K, which islower
thanTcharge of 65 K, implying that charge order is a precu
sor to spin order. In addition, a spin ordering temperat
Tspin530, 25, and<4 K for x50.12, 0.15, and 0.20, re
spectively, has been determined by Nachumiet al.15 using
muon spin resonance (mSR). ThemSR probe has a lowe
inherent frequency (;107 Hz! compared with elastic neutro
scattering (;1011 Hz!, so the discrepency in the spin orde
ing temperature between themSR and neutron results ind
PRB 600163-1829/99/60~22!/15345~11!/$15.00
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cates that the spin-stripe fluctuations gradually slow do
with decreasing temperature belowTcharge. That is, spin-
stripe ordering is a glassy transition in La1.62xNd0.4SrxCuO4.

In this paper, we utilize Cu nuclear quadrupole resona
~NQR! to probe stripe instabilities in La1.62xNd0.4SrxCuO4.
Cu NQR gives unique information about the charge envir
ment at the Cu nuclear site. In particular, the resonance
quency for Cu NQR, conventionally callednQ (;36
MHz!,16,17 is determined by the energy splitting of th
6 3

2 ↔6 1
2 levels, which in turn is directly proportional to th

electric field gradient~EFG! at the Cu nuclear site. The EFG
itself is very sensitive to the charge environment, and
thus expect any change in the charge distribution within
CuO2 plane, such as charge density waves~CDW!, to di-
rectly affect Cu NQR. Earlier work on conventional CDW
systems such as NbSe3 ~Ref. 18! and Rb0.3MoO3 ~Ref. 19!
made use of the extreme sensitivity ofnQ to the EFG. Our
approach1 makes use of wipeout effects20 in 63Cu NQR from
which we obtain unique information about charge-stripe
der in La1.62xNd0.4SrxCuO4. The fundamental difference be
tween NQR and neutron scattering is that the former i
local probe, while the latter requires spatial coherence; t
NQR and neutron scattering provide complimentary inf
mation about stripe physics. The NQR wipeout alone can
give details of the spatial structure of the stripes, but a
local probe, NQR is very sensitive to charge stripes w
short or poorly defined correlation lengths. Indeed, aw
from the robust 1/8 region, detection of charge stripes
bulk scattering has proved difficult and up to now, no dire
observation of charge-stripe order has been reported o
than for La1.48Nd0.4Sr0.12CuO4 and La1.45Nd0.4Sr0.15CuO4.
However, by confirming that the NQR wipeout fractio
F(T) has identical temperature dependence as the neut
and x-ray charge-stripe order parameter forx50.12 and
0.15, we claim thatF(T) is the charge-stripe order paramet
and we extend the detection of charge-stripe order
La1.62xNd0.4SrxCuO4 to 0.07<x<0.25. We also establish
that the transition is sharpest atx50.12.

The rest of the paper is presented as follows: in Sec. II
go over the experimental details and present our results
Sec. III we discuss our NQR data in comparison with t
15 345 ©1999 The American Physical Society
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neutron and x-ray measurements. Section IV contains
conclusions.

II. EXPERIMENTAL PROCEDURES AND RESULTS

A. Sample preparation

Powder samples of La1.62xNd0.4SrxCuO4 with x
50.07, 0.09, 0.12, 0.15, 0.20, and 0.25 were prepared
solid-state reactions of La2O3 ~99.99%!, Nd2O3 ~99.99%!,
SrCO3 ~99.99%! and CuO~99.995%!. The materials were
mixed in the desired stochiometry and prereacted at 850
The samples were then finely ground and heated to 950
This cycle was repeated several times. For the final reac
the powder was pressed~0.6 GPa! into rods of cylindrical
shape and annealed in flowing oxygen. The heat cycle
this final reaction was similar to that used by Breueret al.21

where a highest temperature of 1150 °C was used. All
samples were confirmed by x-ray diffraction to be sing
phased, and the room temperature orthorhombic split
@b2a# was in good agreement with~Ref. 21!.

B. Characterization of NQR spectra

The 63,65Cu NQR frequency spectra, or line shapes, w
measured using a 90°-t-180°-t-echo phase-cycled pulse s
quence at fixedt. The resonant circuit was heavily dampe
so that shortt could be used~typically t510–12ms). In
addition, the damping assured that theQ value of the reso-
nance circuit changed little with temperature; therefore pu
conditions and sensitivity remained constant.

Figure 1~a! shows the line shapes for all th
La1.62xNd0.4SrxCuO4 materials observed at 150 K. At 150 K
all the materials are in the LTO~low-temperature orthorhom
bic! phase. The two different sites, conventionally called
and B, are present for all the materials and each is fur
split into two lines due to the presence of63Cu and 65Cu
isotopes. Note that the intensity of the B line compared w
that of the A line goes roughly as the dopingx, in good
agreement with earlier reports by Yoshimuraet al.22 It is
generally believed that the B line originates from Cu nuc
underneath a Sr atom, and the A line from the Cu nuc

FIG. 1. ~a! Line shapes for La1.62xNd0.4SrxCuO4 where the
value 0.07<x<0.25 is shown for each line. All line shapes we
taken at 150 K and all are normalized to equal heights for purpo
of comparison. The raw data points are shown along with their
~see text! and the decomposition of the fit forx50.12 is shown.~b!
63Cu A line HWHM (m) obtained by fitting the 150 K line shape
~c! A line 63nQ (d), B line 63nQ (s), both at 150 K.
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away from the Sr dopants. This picture is consistent with
observed ratio of intensities. We also observed an enhan
tail at the lower frequency side of the spectrum, possi
from Cu sites underneath a Nd atom. This lower frequen
tail is also observed in La1.82xEu0.2SrxCuO4 spectra,23 pre-
sumably from Cu sites underneath a Eu atom.

In order to extract quantitative information about the li
shapes, each spectrum was fit to a convolution of Gaussi
two for the 63Cu and65Cu A line, and two for the63Cu and
65Cu B line@as shown forx50.12 in Fig. 1~a!#. Fitting the A
line with two Gaussians results in six parameters~two am-
plitudes, two peak positions corresponding to the NQR f
quencies63nQ and 65nQ , and two widths!. Using the known
ratios of 63nQ /65nQ5Q63/Q6551.083 andN63/N65569/31
for the quadrupole momentsQ and isotopic abundancesN,
respectively, reduces the number of free parameters. Th
line was fit in the same manner.

Results of A line half width at half maximum~HWHM!
observed at 150 K are shown in Fig. 1~b!. The fitted value of
the HWHM is sensitive to the line-shape data, especially
the tails, but the general trend is that the HWHM increa
with x. The value is generally 50% higher than the HWH
observed for La22xSrxCuO4 at the same doping.1 This is
possibly due to the increase in structural disorder due to
substitution.

Results of the63nQ for the A and B lines observed at 15
K are shown in Fig. 1~c!. The doping dependence ofnQ for
the A and B lines in La1.62xNd0.4SrxCuO4 is consistent with
previous studies on La22xSrxCuO4.21

C. Temperature dependence of63Cu NQR spectra

The temperature dependence of the line shapes cam
three forms:

~1! The inhomogeneous linewidth~HWHM! of the 63Cu
A line shown in Fig. 2~a! for x50.12 shows a smooth in
crease (;20%) from 300 to 20 K. The same temperatu
dependence of the HWHM was found for all the sampl
The HWHM data were used to estimate the integrated int
sity of the NQR line shape, so to avoid unnecessary scatte
this estimation, we typically used a linear fit to the HWHM

~2! Figure 2~a! shows the temperature dependence
63nQ for thex50.12 sample, and as can be seen,63nQ shows
a gradual increase of several hundred kHz from room te
perature down toTcharge570~7! K, below which the rise in
63nQ is more dramatic. The other samples show qualitativ
similar temperature dependence, as discussed in Sec. II

~3! All of the materials showed a dramatic loss of sign
intensity at temperatures below 150 K. Figure 2~b! shows the
temperature dependence of the line shapes forx50.12. The
NQR intensity is proportional to the statistical Boltzman
factor ehnQ /kBT;1/T, wherehnQ!kBT in the present case
Accordingly, we multiplied each line shape byT to take this
into account. The loss of NQR intensity therefore impli
that 63,65Cu nuclear spins in certain segments of the sam
become undetectable.

In order to quantify the loss of signal shown in Fig. 2~b!,
we estimated the temperature dependence of the integr
intensity for each material using a three step process.~1! We
calculated the area of the line shape from the fitting pro
dure described above.~2! A Boltzmann factor was included
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PRB 60 15 347SYSTEMATIC 63Cu NQR STUDY OF THE STRIPE . . .
at each temperature.~3! The line shapes were corrected f
spin echo decay as described below. We also attempte
make standard NQR frequency corrections of 1/f 2 to the line
shape intensity,17 but they did not affect our results. Figur
3~a! shows the results of the temperature dependence o
integrated intensity forx50.12. When working out the line
shape area, only the integral of the A line intensity was u
so that unnecessary scattering of the estimated total inte
was avoided. This was justified by previous high precis
studies of the NQR intensity1 on a related compound
La1.875Ba0.125CuO4 enriched with the 63Cu isotope. As

FIG. 2. ~a! Temperature dependence of the63Cu A line HWHM
for x50.12 (s) along with a linear extrapolation, and the tem
perature dependence of A line63nQ for x50.12 (d). ~b! x50.12
line shapes at 150 K (s), 77 K (d), 60 K (n), and 40 K (m), all
corrected for Boltzmann factor~see text!.

FIG. 3. ~a! Temperature dependence of the integrated63Cu
NQR intensity for La1.48Nd0.4Sr0.12CuO4 in arbitrary units. Also
shown, the onset temperature for wipeoutTcharge, and the (s)
show Gaussian curvature in the spin echo decay; (d) do not ~see
text!. ~b! Temperature dependence of the integrated intensity
La1.875Ba0.125CuO4 for the A line (n) and B line (m).
to

he

d
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n

shown in Fig. 3~b!, both A and B lines have identical tem
perature dependence of the integrated NQR intensity.

Corrections for spin-echo decay, or the ‘‘T2 corrections,’’
were made by measuring the spin-spin relaxation 1/T2 ~Ref.
17! at each temperature. SinceT2 exhibits slight dependenc
on frequency, in order to be rigorous one needs to m
corrections forT2 at every frequency rather than just at th
peak of the A line. We tested whether the rigorous appro
was necessary. For thex50.20 sample, the effect ofT2 was
nearly uniform across the entire line shape at 150 K, bu
30 K @shown in Fig. 4~a!#, 1/T2 increased towards the lowe
frequency side. Figure 4~b! shows the integrated intensit
with the ‘‘full T2 correction’’ at 150 and 30 K compare
with the intensity points deduced from correcting forT2 just
at the peak frequency. Both methods gave the same re
within experimental error, so we conclude that theT2 cor-
rection at the peak of the A line is sufficient.

As shown in Fig. 3~a! for x50.12, the intensity is con-
stant within experimental error from 300 to 70~7! K, but then
shows a dramatic drop to zero from 70~7! to 10 K. This is the
‘wipeout’ effect, and we will discuss the mechanism of t
wipeout in Sec. III. By taking the constant value betwe
300 and 70~7! K as the zero baseline and then inverting t
plot, one obtains the fraction of signal lost, or the wipeo
fractionF(T). As we demonstrate in Sec. III, the onset tem
perature ofF(T) is in good agreement with the charge-stri
ordering temperatureTcharge determined by neutron/x-ray
scattering. Figure 5 is a plot of the temperature depende
of F(T) for all the La1.62xNd0.4SrxCuO4 samples. Even
though Tcharge and the transition widths are different fo
r

FIG. 4. ~a! 631/T2 in ms21 (d) as a function of frequency at 30
K for the x50.20 sample. Also shown, the 30 K line shape
arbitrary units measured at fixedt50.12 ms (s) along with its fit
and the decomposition of the fit.~b! Temperature dependence of th
integrated intensity forx50.20 measured by the fullT2 correction
(d), or by correcting forT2 just at the peak of the A line (3).
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variousx, all show 100% wipeout, thus leaving no obser
able 63Cu NQR signal by;10 K. We emphasize that sinc
we have takenT2 corrections into account for the integrate
intensity, the loss of observable NQR signal isnot caused by
a divergence ofT2 throughout the entire sample, as is oft
observed in the vicinity of magnetic long range order.

D. 63Cu spin-lattice relaxtion

Figure 6 shows the spin-lattice relaxation rate631/T1 for
La1.48Nd0.4Sr0.12CuO4, La1.45Nd0.4Sr0.15CuO4, and
La1.68Eu0.2Sr0.12CuO4, in addition to La1.885Sr0.115CuO4 data
from ~Ref. 23!. All 631/T1 were taken at A line63nQ , and all
fit well to single exponential recoveries as expected foI
53/2 nuclei in NQR. The relaxation rates for the four ma
rials are equal within 10% from 300 K to about 125 K, b
below about 125 K, the631/T1 data for La1.62xNd0.4SrxCuO4
measured for the remaining63Cu NQR signal increases wit
deceasing temperature as;1/T. The 631/T1 data for
La1.68Eu0.2Sr0.12CuO4 ~Ref. 23! start to increase at a lowe
temperature of 35~5! K. Wipeout effects below 30 K prohibi
further measurement of631/T1 data for La1.62xNd0.4SrxCuO4
and La1.68Eu0.2Sr0.12CuO4. At 30 K, even though631/T1
from the remaining;5% of the signal is increasing with
decreasing temperature, it is still measurable.

E. 63Cu spin-echo decay

The NQR spin-echo intensityS(2t) depends strongly on
2t ~wheret is the time separation between the 90° and 18

FIG. 5. Wipeout fractionF(T) in La1.62xNd0.4SrxCuO4 for x
50.07 (m), x50.09 (n), x50.12 (d), x50.15 (s), x
50.20 (.), andx50.25 (L). The solid lines through the point
are a guide for the eye.

FIG. 6. 631/T1 temperature dependence fo
La1.48Nd0.4Sr0.12CuO4 (d), La1.45Nd0.4Sr0.15CuO4 (n),
La1.68Eu0.2Sr0.12CuO4 (s), and the solid line La1.885Sr0.115CuO4

~Ref. 23!, all measured in ms21.
-

°

pulses! as shown in Fig. 7 whereS(2t) is plotted on a loga-
rithmic scale. The data are from the La1.48Nd0.4Sr0.12CuO4
sample, andS(2t) is measured at63nQ for the A line at each
temperature. In order to correct the NQR integrated inten
for spin-echo decay, one has to extrapolate the curve to
zero time 2t50. Most importantly, qualitative changes o
the decay shape~such as loss of Gaussian curvature bel
Tcharge) makes T2 corrections essential in determinin
Tcharge accurately. The shortest possible 2t is limited by the
the circuit dead time with a value of;20 ms.

The fit used for the extrapolation has the functional fo

S~2t!5S~0!e22t/T2Le2(2t)2/2T2G
2

, ~1!

whereT2L is the Lorentzian decay which has contributio
from the RedfieldT1 process, andT2G is the Gaussian deca
which is dominated by the indirect spin-spin coupling b
tween like spins.17 In various high-Tc and related coppe
oxides, when the NQR linewidth is as small as;200 kHz,
one can excite the entire63Cu NQR spectrum with intense r
pulses. In such cases, one can give theoretical constrain
the Lorentzian contributionT2L based on calculations of th
spin-lattice relaxation process.24 In the present case, how
ever, the full NQR linewidth (;3 MHz! is an order of mag-
nitude larger than the strength of the rf pulses (;200 kHz!.
It is well known that this gives rise to artificial changes in t
functional form of the spin-echo decay,25 making the Gauss-
ian contribution more Lorentzian. Accordingly, we cho
bothT2L andT2G as free parameters. We note that use of
stretched exponential form of the fitting function

S~2t!5S~0!e2(2t/T2)b
, ~2!

often used in the literature under similar circumstances
not affect our estimate of the temperature dependence
S(0).

At Tcharge and below, the spin-echo decay dramatica
changed to a single rate Lorentzian. This can be seen by
loss of curvature in Fig. 7. As discussed in Sec. III, th
crossover provides an added signature for the onset of w
out, however the crossover also generates more potentia
ror in the estimate of theT2 corrected intensityS(0). Small
changes of curvature in the fit create large variations in
value of S(0) at T*Tcharge, so extra care had to be take
for data measurements and fits aroundTcharge. This com-

FIG. 7. Spin-echo decay for La1.48Nd0.4Sr0.12CuO4 at the various
temperatures normalized by the Boltzmann factor. Also shown
spin-echo envelopes fit with Gaussian curvature (s), and without
(d).
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PRB 60 15 349SYSTEMATIC 63Cu NQR STUDY OF THE STRIPE . . .
plexity is the reason for the larger error bars aroundTcharge
in Fig. 3~a!. Consequently,Tcharge is given a610% error.

III. DISCUSSION

A. Wipeout effects

We now compare the NQR wipeout fractionF(T) to elas-
tic neutron diffraction studies carried out fo
La1.48Nd0.4Sr0.12CuO4 by Tranquadaet al.,8 where charge-
stripe order was discovered. Figure 8~a! is a comparison of
the temperature dependence of the square root of the tr

FIG. 8. ~a! Plots of the wipeout fractionF(T) (s), the neutron
charge order parameter~Ref. 8! (d), the x-ray order paramete
~Ref. 9! (m), and the neutron spin order parameter~Ref. 8! (3) for
x50.12. Each data set is normalized to its 10 K value and
dotted lines are guides for the eye.~b! Wipeout fractionF(T) (s)
along with the x-ray order parameter~Ref. 10! (d) for x50.15.
Each data set is normalized to its 10 K value and the dotted lin
a guide for the eye.~c! Wipeout fractionF(t) as a function of the
reduced temperature t5T/Tcharge for x50.07 (,), x
50.09 (s), x50.12 (d), x50.15 (n), andx50.20 (m). The
solid line is f d(t), and the dashed lines are guides for the eye.
ns-

verse charge-order peak8 normalized to 10 K, along with our
temperature dependence ofF(T). We note that, in general
the elastic scattering intensity represents the square of
order parameter@for example, the intensity of the magnet
Bragg scattering is the square of the sublattice magnetiza
M (T)]. 26 The identical temperature dependence ofF(T) and
the neutron charge-order parameter allows us to conc
that the wipeout fractionF(T) represents the charge-strip
order parameter. Also plotted is the square root of the st
spin-ordered peaksM (T) for x50.12 by neutron
diffraction,8,12 and it clearly indicates the wipeout fraction
triggered by charge order and not spin order.

Further evidence of charge-stripe order
La1.48Nd0.4Sr0.12CuO4 ~Ref. 9! and La1.45Nd0.4Sr0.15CuO4
~Ref. 10! has been reported using high energy x-ray scat
ing. Figure 8~a! includes the x-ray results forx50.12, where
the square roots of the longitudinal charge peaks are plot
normalized to 10 K. The x-ray data are in good agreem
with both neutron and NQR data. Figure 8~b! is a compari-
son of x-ray data forx50.15,10 where we have plotted the
square root of the charge peaks in the transverse direc
and compared it to our wipeout fractionF(T) for x50.15.
Again, the x-ray data agree on the onset tempera
Tcharge;60(6) K obtained from NQR. Both sets of x-ra
data further support our identification of the wipeout fracti
F(T) as the charge-stripe order parameter. Furthermore
note thatTcharge measured by NQR, x ray, and neutronall
agree forx50.12 despite the different frequency scales
each probe, indicating that charge stripes slow down to N
time scales very quickly nearTcharge.

Given the evidence for charge-stripe ordering
La1.48Nd0.4Sr0.12CuO4 ~Refs. 8 and 9! and
La1.45Nd0.4Sr0.15CuO4,10 we will now argue that the Cu NQR
‘‘wipeout’’ 20 effect comes as a natural consequence of
ordering. Because the resonant frequency63nQ is directly
proportional to the electric field gradient at the Cu site,
expect NQR to be very sensitive to local charge distrib
tions. Indeed, a spatial modulation of the hole concentra
ranging from 0 to 0.5 hole per Cu atom results in as much
an ;8 MHz ~Ref. 21! instantaneous variation of63nQ . In
the proposed stripe model7 at x;1/8, rivers of hole-rich CuO
chains with effectively 0.5 hole per Cu are separated by b
three-leg CuO ladders with no holes. We therefore exp
that below the onset temperature for charge-stripe or
Tcharge, regions which contain stripe fluctuations will hav
instantaneously varying63nQ distributions, and if these fluc
tuations are on the NQR time scale~i.e., fluctuate at frequen
cies of order63nQ), the resonance condition in those regio
will no longer be well defined. Furthermore, charge ord
turns on slow spin fluctuations27 resulting in divergences in
the spin-lattice631/T1 ~Ref. 28! and spin-spin631/T2 relax-
ation rates within the stripe-ordered domains~note that the
measured631/T1 and 631/T2L in Fig. 6 and Fig. 10 do not
necessarily reflect the relaxation rates in the ordered s
ments of the sample but they are a measure of relaxa
rates of the segments that have not yet ordered!. Both these
effects will result in a loss of63Cu NQR signal intensity and
we therefore expect the fraction of the intensity loss to b
good measure of stripe order.

It is worth mentioning that at low enough temperature
an NQR like signal reappears for the case

e
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La1.88Ba0.12CuO4.29 Below &10 K, static magnetic hyperfine
fields strongly perturb the Cu NQR spectrum causing a
broadening from low frequencies up to 80 MHz.29 We con-
firmed the findings from Ref. 29 for La1.88Ba0.12CuO4, where
a broad, featureless Zeeman-perturbed NQR spectrum a
K was reported. We note that the low-temperature spect
for La1.62xNd0.4SrxCuO4 is further complicated by magneti
field contributions from the Nd ions that order at&3 K.8

We now discuss a possible fit of the temperature dep
dence ofF(T). Conventional CDW ground states have ma
common characteristics with other broken symmetry grou
states such as superconducting and spin-density-w
ground states. In particular, within the weak coupling lim
the thermodynamics of the phase transition and the temp
ture dependence of the order parameter are the same as
of a BCS superconductor.30,31 To see if this is the case, w
present Fig. 8~c! whereF(t) is plotted as a function of the
reduced temperature t5T/Tcharge for all the
La1.62xNd0.4SrxCuO4 samples. The solid curve is the BC
form of the condensate densityf d(t) in the dynamic limit,32

and the dashed curves are a guide for the eye. The dat
the x50.09, 0.15, and 0.20 samples look similar, and
x50.07 data stand out as having the broadest transition.
x50.25 data~not shown! look identical to thex50.20 data.
The temperature dependence ofF(t) for x50.12 appears to
be the sharpest and shows the best agreement withf d(t).
From the wipeout mechanism we have proposed, this is

FIG. 9. Phase diagram with Tcharge for
La1.62xNd0.4SrxCuO4 (d), Tcharge for La1.82xEu0.2SrxCuO4 (s),
Tspin for La1.62xNd0.4SrxCuO4 according to neutron scatterin
(3) ~Ref. 13!, Tspin for La1.62xNd0.4SrxCuO4 according to
mSR (1) ~Ref. 15!, andTc for La1.62xNd0.4SrxCuO4 (m), along
with a shaded region to highlight the superconducting phase. A
shown is the LTO to LTT~or LTLO! boundary~broken line! for
La1.62xNd0.4SrxCuO4 ~Ref. 33!, and two dashed lines joining th
(3) and (1) points as a guide for the eye. Near the solubility lim
we findTcharge540(10) K for La1.35Nd0.4Sr0.25CuO4 ~not shown! to
be about the same asTcharge540(6) K for La1.40Nd0.4Sr0.20CuO4.
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pected sinceF(T) is related to the fraction of the CuO2 plane
where condensate fluctuations exist. The fact that the tra
tion is sharpest aroundx;1/8 could indicate that the charg
stripe is most stable aroundx;1/8.

We now present the phase diagram
La1.62xNd0.4SrxCuO4 in Fig. 9, withTcharge, Tspin according
to neutron scattering,12 Tspin obtained bymSR,15 the super-
conducting transition temperatureTc , and the LTO to LTT
~low-temperature tetragonal! or LTLO ~low-temperature less
orthorhombic! transition temperatureTLTT .33 We measured
the bulk magnetic susceptibility with a SQUID magnetom
ter in a field of 10 Oe, and we estimatedTc by taking the
slope at the half point in the diamagnetic response and
trapolating to zero susceptibility. Thex50.12 and 0.07
samples show residual superconducting components, an
x50.25 sample shows no diamagnetic response down
K. The x50.09, 0.15, and 0.20 samples have the larg
low-temperature susceptibility24px with Meissner frac-
tions corresponding to;40%. Figure 9 demonstrates for th
first time that charge-stripe order exists throughout the en
superconducting region of La1.62xNd0.4SrxCuO4. Further-
more, the 100% wipeout indicates that the charge-stripe t
sition involves theentire CuO2 plane.

Figure 9 clearly indicates that Tcharge for
La1.62xNd0.4SrxCuO4 does not strictly coincide withTLTT
;60 K except atx50.12, suggesting that the LTO-LTT
structural transition is not the primary cause of the cha
anomaly atTcharge. Further support of this statement com
from NQR wipeout measurements we made
La1.82xEu0.2SrxCuO4 with x50.07, 0.12, 0.16, and 0.20 a
with LTO-LTT structural transition temperatureTLTT;130
K ~Ref. 34! that are higher than for La1.62xNd0.4SrxCuO4
whereTLTT;60 K. We used exactly the same techniques
measureF(T) and Tcharge for La1.82xEu0.2SrxCuO4 as de-
scribed earlier for La1.62xNd0.4SrxCuO4, and the results
shown in Fig. 9 indicate that Tcharge(x) for
La1.82xEu0.2SrxCuO4 and La1.62xNd0.4SrxCuO4 is the same
within the experimental error. This clearly shows th
Tcharge andTLTT are not strictly correlated and that the LT
structural transition is not the primary origin of the char
anomaly. We also note that spin-stripe order has been
served in La22xSrxCuO4 @x50.12 ~Refs. 2,3! and x50.05
~Ref. 4!# and La2CuO41d ,5 where neither material even ha
the LTO-LTT structural phase transition.

B. 63Cu spin-lattice relaxation rate 631/T1

We now compare the temperature dependence of631/T1
in La1.48Nd0.4Sr0.12CuO4, La1.45Nd0.4Sr0.15CuO4,
La1.68Eu0.2Sr0.12CuO4, and La1.885Sr0.115CuO4,23 in light of
previous631/T1 measurements by Itohet al.35 on a variety of
the rare earth~R! doped 1-2-3 materials RBa2Cu3O72y @R
5Y, Nd, Eu#.

As discussed in Ref. 35, the 4f electron moments from
the trivalent rare earthR31 ions contribute to the631/T1
primarily through a dipole interaction between the 4f mo-
ment and the Cu nuclear moment, giving the general for

631/T15~1/T1!4 f1~1/T1!Cu . ~3!

o
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We find that the 631/T1 data for La1.885Sr0.115CuO4,
La1.62xNd0.4SrxCuO4, and La1.68Eu0.2Sr0.12CuO4 have the
same systematic features as the equivalent YBa2Cu3O72y ,
NdBa2Cu3O72y , and EuBa2Cu3O72y data.

~1! La1.885Sr0.115CuO4 and YBa2Cu3O72y have no
(1/T1)4 f component, and (1/T1)Cu for the observable seg
ments of the NQR signal in La1.885Sr0.115CuO4 decreases
with decreasing temperature.36

~2! La1.48Nd0.4Sr0.12CuO4, La1.45Nd0.4Sr0.15CuO4, and
NdBa2Cu3O72y all have Nd31 ions which haveJ59/2
ground states, and a large (1/T1)4 f contribution is apparen
with decreasing temperature in both cases. The tempera
dependence of (1/T1)4 f depends on the details of the cryst
field.35 (1/T1)4 f for NdBa2Cu3O72y is temperature indepen
dent down to at least 1 K, which is the expected behavio
the limit TN!T!n1 whereTN50.52 K is the ordering tem-
perature andn15140 K is the crystal field splitting betwee
the ground state and the first excited state. T
La1.48Nd0.4Sr0.12CuO4 and La1.45Nd0.4Sr0.15CuO4 data show
that (1/T1)4 f increases with decreasing temperature, indic
ing thatn1,140 K in these materials.

~3! La1.68Eu0.2Sr0.12CuO4 and EuBa2Cu3O72y both have
Eu31 ions which haveJ50 ground states andJ51 first
excited states split by the spin-orbit constantl. The
EuBa2Cu3O72y data show negligible (1/T1)4 f contribution
at and below 50 K, consistent with thel5450 K@T.35

Since the first excited state is predominantely split by sp
orbit effects, one also expects negligible (1/T1)4 f contribu-
tions in La1.68Eu0.2Sr0.12CuO4 below 50 K. However, as the
La1.68Eu0.2Sr0.12CuO4 data indicate, there is an increase
631/T1 below 35~5! K, suggesting that the observable63Cu
NQR signal senses diverging low frequency spin fluctuati
due to critical slowing down of Cu moments towa
Tspin525–27 K as observed bymSR ~Ref. 37! for
La1.68Eu0.2Sr0.12CuO4. Both mSR and NQR have similar in
herent probing frequencies of;107 Hz; thus one expects
Tspin even for a glassy transition to be comparable for b
measurements, as is the case for La22xSrxCuO4 according to
mSR ~Refs. 38, 39! and 139La NQR.40,2,23We also find that
631/T1T in La1.68Eu0.2Sr0.12CuO4 decreases slightly below
Tcharge prior to the onset of critical divergence of631/T1T
toward Tspin . Even though reduction of631/T1T is usually
attributed to pseudogap in the spin excitation spectrum,
not clear whether that is the case here. We emphasize tha
reduction of 631/T1T is found for the observable fraction o
the CuO2 planes, and that the unobservable fraction m
have divergent631/T1 at T&Tcharge.

We would like to add that although in the case
La1.62xNd0.4SrxCuO4 below T5125 K, (1/T1)4 f dominates
over (1/T1)Cu and no spin ordering can be inferred,mSR
measurements report that there is spin-ordering at temp
tures Tspin similar to La1.82xEu0.2SrxCuO4. mSR measure-
ments were obtained for La1.48Nd0.4Sr0.12CuO4,15,41 where
Tspin;30 K, and a reduced value for La1.45Nd0.4Sr0.15CuO4
of Tspin;25 K has also been reported.15,42It was also shown
by mSR ~Ref. 42! that Tspin;25 K for
La1.852yNdySr0.15CuO4 is independent of the Nd concentr
tion y for 0.3<y<0.6.

Figure 9 includes the values of Tspin for
La1.62xNd0.4SrxCuO4 according to neutron scattering13 and
re
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mSR.15 No spontaneous magnetization is detected forx
50.20 bymSR down to 4 K in contrast to the static spin
stripe observations by neutron scattering,13,12 where Tspin
;20 K for x50.20. Indeed, forx50.10, 0.12, 0.15, and
0.20, Tspin is consistently ;20 K higher for neutron
scattering13,12 than for mSR measurements.15 Further evi-
dence of the glassy nature of the spin-ordering comes f
electron spin resonance studies by Kataevet al.34 for
La1.82xEu0.2SrxCuO4 at x;1/8, where they clearly observ
that the Cu spin fluctuation frequencyvs f shows a strong
temperature dependence belowTcharge.

C. 63Cu spin-echo decay631/T2

We now discuss the temperature dependence of the
echo decay both above and belowTcharge. Above Tcharge,
the spin-echo decay from all the samples were fit using
two free parametersT2G andT2L in Eq. ~1!. We found that
greatly reducing the excitation range from;200 kHz to
;50 kHz caused a significant reduction of the Gauss
component. This can be understood25 in the context of inho-
mogeneous broadening, where reducing the frequency ra
has the effect of reducing the number of like spins resp
sible for the indirect spin-spin~Gaussian! decay. The reverse
situation where the frequency range is kept fixed but
inhomogeneous line is broadened will also reduce the n
ber of like spins. Either way, detuning the spin-sp
mechanism25 results in an apparent reduction of the Gauss
curvature in the spin-echo envelope and results in the Ga
ian contribution to the second moment appearing m
Lorentzian in character. However, even if we used weak
pulses and thereby eliminate the Gaussian curvature in
spin-echo decay, we found that the extrapolated valueS(0)
doesnot change.

Even though the NQR HWHM does not increase sign
cantly aroundTcharge @Fig. 2~a!# and we maintain the sam
strength of rf pulses, we still observed a dramatic reduct
of the Gaussian component at and belowTcharge, indicating
that there is a mechanism belowTcharge that inherently
eliminates the Gaussian process. The same mechanism
causes the wipeout can also be used to explain the cross
namely, that the spatial charge modulations belowTcharge
detune the indirect interaction by creating site to site63nQ
variations, thereby reducing the number of like spins a
thus eliminating the Gaussian decay. BelowTcharge, the

FIG. 10. Temperature dependence of631/T2 in ms21 for
La1.62xNd0.4SrxCuO4 with x50.07 (d), x50.12 (s), x
50.25 (n), and also for La1.68Eu0.2Sr0.12CuO4 (j).
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spin-echo decay was always Lorentzian withT2L!T1. We
observed that reducing the spectral excitation range in
case didnot changeT2L . Figure 10 shows the temperatu
dependence of 631/T2L for a selection of the
La1.62xNd0.4SrxCuO4 samples and La1.68Eu0.2Sr0.12CuO4.1

The data at each doping start atTcharge and finish when the
wipeout is nearly complete. The doping dependence
631/T2L shows a systematic decease with increased hole
ing x. If 631/T2L was entirely dominated by 4f moment fluc-
tuations from the Nd31 ion, 631/T2L would not show this
doping dependence. Moreover, as argued for the631/T1 data,
La1.68Eu0.2Sr0.12CuO4 has a negligible 4f moment at 50 K,
yet within scattering,631/T2L at 50 K is the same as fo
La1.48Nd0.4Sr0.12CuO4.

The fact thatT2L!T1, coupled with the fact that the
Nd31 ion is not the primary source of relaxation, leads us
believe that within the observable domains there exist cer
magnetic hyperfine fieldsHh f at the Cu site that fluctuat
with a correlation timetc satisfying the motional narrowing
limit gnHh ftc!1 ~Ref. 17! ~wheregn is the Cu gyromag-
netic ratio!. We infer that these fluctuations are primari
magnetic rather than quadrupolar by verifying that

651/T2L

631/T2L

;
65gn

2

63gn
2

51.15. ~4!

The frequency dependence of 1/T2L for the x50.20 sample
was shown in Fig. 4~a! at T530 K<Tcharge, and indeed,
the 15% rise at lower frequency is consistent with primar
magnetic relaxation. It is also known that in the motion
narrowing limit17

FIG. 11. Temperature dependence of63nQ A line for ~a! x
50.07 and~b! x50.12. (d) corresponds to data forT.Tcharge

and (s) to T,Tcharge. The vertical line indicates the LTO-LTT
transition temperature. The upper curve of the fit correspond
finite F t(x), and the lower curve toF t(x)50.
is

f
p-

o
in

l

1/T2L;gn
2Hh f

2 tc , ~5!

but sincegnHh f is not known, one cannot estimatetc . We
note, however, that a sliding motion of CDW’s in conve
tional CDW conductors causes motional narrowing.18 Our
present case is unconventional in the sense that we are
serving the fraction of the material that has not yet order
and that charge order turns on slow spin dynamics.27

D. Temperature dependence of63nQ

Figure 11 shows the temperature dependence of A
63nQ for x50.07 and 0.12. The closed symbols indicate te
peratures aboveTcharge, and open symbols belowTcharge.
Also shown is the vertical line marking the structural tran
tion temperatureTLTT from the LTO to LTT~or LTLO!. We
defineTnQ

as the temperature below which the rise in the

line 63nQ for the observable part of the signal starts to
crease.TnQ

570(7) K for x50.12 andTnQ
'130(13) K for

x50.07. THTT is also defined as the high-temperature tet
gonal ~HTT! to LTO transition temperature.43

The measurement of the temperature dependence fo
A line 63nQ for x.0.12 has an added complexity to it. A
shown in Fig. 1~a!, the B line increases in amplitude with S
doping, and unfortunately, the B line65Cu frequency coin-
cides with the main A line63Cu. This is evident in Fig. 4~a!
for x50.20 where the shape of the main peak is largely d
to the 65Cu B line. Accurate determination of the A line63nQ
temperature dependence therefore implies taking very car
line shapes of a decreasing signal intensity belowTcharge.
We have however been able to determine that the A
63nQ for all the samples increases with decreasing temp
ture down to;10 K and that the rise belowTnQ

570(7) K is

sharp forx50.12. x50.09 and 0.12 have qualitatively th
same temperature dependence of the A line63nQ .

There are at least two possible explanations for the sh
rise in 63nQ below TnQ

for x50.12. One is based on elec

tronic effects. If we assume thatTnQ
is in the vicinity of

Tcharge, which is certainly true forx50.12, one can postu
late that regions with lower hole concentrations wipe out
higher temperatures in such a way that63nQ will appear to
increase with decreasing temperature~recall that regions
with higher hole concentrations have higher63nQ values!.

Another possible explanation for the large rise in63nQ
arises from structural distortion. In order to obtain a sem
quantitative idea of how structural effects change63nQ , we
calculate the electic field gradient at the Cu site by a po
charge lattice summation method similar to that reported
Ref. 44. The two inputs necessary for the EFG calculat
are the positions of the ions (r i) relative to the Cu nucleus

to

TABLE I. Experimentally determined values ofF0(x) in
degrees,47 and theoretically determined values ofF t(x) in degrees
~see text! for x50.07 andx50.12.

x F0(x) F t(x)

0.07 5.5° 4.5°
0.12 4.8° 4.5°
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and the point charge of the ions (ei). The lattice components
of the EFG are calculated from summations such as

eqlatt
z 5(

i
ei

~3zi
22r i

2!

r i
5

, ~6!

where we included all the ions within a sphere of radius 1
Å from the origin. The ionic charges for the A line are a
signed as follows:

La~Nd!:13, Op :2S 22
x

2D , Oa :22, Cu:12,

~7!

whereOp is the planar oxygen andOa the apical oxygen.
The room temperature values of the lattice constants
taken from high resolution x-ray diffraction.45 With decreas-
ing temperature, the percentile change of the lattice const
are taken from Ref. 46, where the orthorhombic splitting
reported to go as

@b2a#~x,T!;@b2a#0~x!3~12T/THTT!2b, ~8!

whereb51/3. The oxygen octahedron tilting angle is take
to have the form47

F~x,T!;F0~x!3~12T/THTT!b, ~9!

also withb51/3. Below TLTT , @b2a# is set to zero, andF
is kept at its maximum angleF0(x), whose value is taken
from Ref. 47.

For 63nQ in units of MHz andeqlatt in units of emu
31014, 63nQ has the general empirical form44

63nQ5A~x!2B3eqlatt~x,T!, ~10!

whereA(x) ('70 MHz! is the contribution from the hole in
the 3dx22y2 orbital and its value was chosen to match t
room temperature value of the A line63nQ . B is determined
by antishielding effects17 and the value is estimated to b
14.1 MHz from an empirical fit performed by Shimizuet al.
on a large pool of data for different superconducting mate
als. Our calculations typically giveeqlatt'2.7, consistent
with lattice EFG’s for high-Tc cuprates.44 We note that the
only parameter we have adjusted to best fit the data is
constantA(x). All the other parameters have been tak
from other experimental sources.

We can check that the calculation is in semiquantitat
agreement with the data by confirming the monotonic rise
63nQ with deceasing temperature in the LTO phase~without
tilting the octahedra, the calculation predicts that63nQ de-
creasesdue to lattice shrinking!. Indeed the calculation doe
show semiquantitative agreement with the data aboveTnQ

.
An important result from the calculation is that the chan

from LTO to LTT has little effect on63nQ , i.e., 63nQ is
insensitive to azimuthal rotations of the octahedra about thc
axis. This justifies the fact that we have neglected any in
mediate LTLO phases.33 However, 63nQ is sensitive to the
angle that the octahedra are tilted from thec axis. Thus, in
order to try to account for the dramatic increase of63nQ
belowTnQ

for the observable NQR signal just from structur
0

re

ts
s

i-

e

e
n

e

r-

l

effects, we further tilted the octahedra from thec axis start-
ing at TnQ

and we took the same temperature dependenc
the angle in the LTO phase:

F~x,T,TnQ
!;F0~x!1F t~x!3~12T/TnQ

!b. ~11!

The only additional parameters now are the maximum
angle of the extra tilt calledF t(x), andTnQ

. It is clear for

x50.12 thatTnQ
;Tcharge570(7) K, and forx50.07 we

have also usedTnQ
;Tcharge5130(13) K. The lower line in

each plot is withF t(x)50 and the upper line is for finite
F t(x). The rise in 63nQ can now be reproduced, and th
angles used are shown in Table I.

We point out that the values ofF t(x) that best reproduce
the data should only be taken as estimates. The calculatio
far described is naturally very sensitive to the exact ion
sitions and to the constantB. For instance, using a largerB
will make 63nQ more sensitive to changes ineqlatt , and one
would then use lower values ofF t(x) to reproduce the data

There is no conclusive evidence either way. We are
minded however that neither possibility has to involve
segments, just those that have not yet been wiped out. E
though there have been no reports from bulk scatter
experiments47,33 that there is further octahedron tilting a
temperatures belowTLTT , bulk scattering experiments47,33

measure the spatial average of the tilting angle while63nQ is
a local probe of the observable segments.

Using the same method as described above, we also
culated the effects charge-stripe formation alone would h
on the EFG forx51/8. First, we confirmed that adding 0.
hole uniformly on the planar oxygens can account for
rise in the A line 63nQ of ;8 MHz, in agreement with ex-
perimental observations in La22xSrxCuO4.22 Next, we took
the conventional stripe picture7 where the holes lie uniformly
in the river of holes across one Cu chain separated by b
three leg ladders, and we predicted an NQR line splitting i
the three peaks corresponding to the three distinct Cu s
~actually each peak was further split;300 kHz into two due
to perpendicular stripes from neighboring planes!. In the cal-
culation, we interpreted one hole on a Cu site to mean
hole distributed evenly around its four surrounding plan
oxygens. The highest frequency peak corresponding to
Cu site on the river shifted;6 MHz above the uniformly
doped case, while the lowest peak corresponding to the C
the center of the three-leg ladder shifted;3 MHz below the
uniform case. We also tried various charge-stri
configurations,48 and we found that any smoothing of th
charge distribution reduced the peak splitting.

Contrary to these calculated results of63nQ in stripes, no
NQR line splitting for the observable part of the signal w
observed experimentally at or belowTcharge. This implies
that there is no static stripe order in the observable part of
CuO2 plane. The signal we can observe belowTcharge is
either from islands that have not yet ordered, or from islan
with quasistatic order but with NQR lines that are motiona
narrowed.

IV. CONCLUSIONS

In this paper, we have reported a systematic study of
temperature and doping dependence of stripe instabilitie
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La1.62xNd0.4SrxCuO4 throughout the superconducting regim
based on63Cu NQR. Our approach takes advantage of
extreme sensitivity of63Cu NQR to charge stripes. We hav
confirmed that the NQR wipeout fractionF(T) is a good
measure of the charge-stripe order parameter,8–10 and we
have extended earlier measurements of the charge-strip
der parameter based on diffraction techniques beyonx
50.12,0.15 to 0.07<x<0.25, and, in doing so, obtain a
extended phase diagram of the La1.62xNd0.4SrxCuO4 system.
We have also presented and discussed the temperature
doping dependence of the NQR parameters63nQ , 631/T1,
and 631/T2.

We have shown that robust charge-stripe order contin
to hold up tox50.25, where no static hyperfine fields ha
been reported bymSR. This implies that completely stati
spin ordering isnot a necessity for charge ordering. On th
other hand, the Lorentzian spin-spin relaxation rate631/T2L
observed belowTcharge suggests that charge stripes contin
to fluctuate slowly even belowTcharge.

Our observation thatTcharge is higher for lower dopingx
is counterintuitive, given that the charge-stripe transition
sharpest forx51/8. On the other hand, the lower the ho
concentrationx, the stronger the tendency towards char
localization. This might explain why the onset of charge
der is as much as a factor of 2 higher in temperature
x50.07 than forx50.12. We should also recall that NQR
a local probe sensitive to stripes no matter how they
disordered.

Comparison of the stripe-superconductivity phase d
gram of La1.62xNd0.4SrxCuO4 with our results obtained fo
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La22xSrxCuO4 ~Ref. 1! reveals a possibly striking feature:
would appear that charge-stripe order stops whenTcharge
becomes lower thanTc , which for La22xSrxCuO4 happens
to occur atx;1/8, but for La1.62xNd0.4SrxCuO4 does not
happen due to the highly suppressedTc and the larger
Tcharge. A natural question to ask is whether the stripe
stabilities and superconductivity compete. If one looks at
La22xSrxCuO4 with x.1/8, where static-stripe ordering i
suppressed and superconductivity is robust, one may c
clude they compete with each other. However, inelastic n
tron scattering measurements27 indicate that low energy
(*2 meV! dynamic stripe fluctuations extend beyondx
51/8, and perhaps they coexist even in YBa2Cu3O6.6.49

Furthermore, neutron scattering on La2CuO41d by Lee
et al.5 report that the elastic spin-order intensity appears
the same temperature as the superconductivity, sugge
that the two phenomena are strongly correlated. Our n
stripe-superconductivity phase diagram f
La1.62xNd0.4SrxCuO4 in Fig. 9 also clearly indicates that th
superconductivity phase boundary exists within the char
stripe phase boundary.
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