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Systematic 3Cu NQR study of the stripe phase in Lg - ,Nd, ,Sr,CuO, for 0.07<x=<0.25
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We demonstrate that the integrated intensity ®Cu nuclear quadrupole resonand®lQR) in
Lay 6 xNdy ,Sr,CuQ, decreases dramatically below the charge-stripe ordering tempefaiige. Compari-
son with neutron and x-ray scattering indicates that the wipeout fraEt{@i (i.e., the missing fraction of the
integrated intensity of the NQR signalepresents the charge-stripe order parameter. The systematic study
reveals bulk charge-stripe order throughout the superconducting regiosXs00.25. As a function of the
reduced temperatutte=T/Tcparge, the temperature dependencerdt) is sharpest for the hole concentration
x~1/8, indicating thaix~ 1/8 is the optimum concentration for stripe formatip80163-18269)03546-9

[. INTRODUCTION cates that the spin-stripe fluctuations gradually slow down
with decreasing temperature belolp,.qe- That is, spin-
Research into the stripe phase of the Gyne has con- stripe ordering is a glassy transition injLa ,Nd, ,Sr,CuQ,.
tinued to expanti® since its experimental discovery in 1995  In this paper, we utilize Cu nuclear quadrupole resonance
by Tranquadat al.” Static charge-stripe order was observed(NQR) to probe stripe instabilities in L,a_,Ndy ,Sr,CuO;.
for La, g yNdy 4Sr,CuO, with x=0.12(Ref. 8 with an onset Cu NQR gives unique information about the charge environ-
temperatureT .parge~ 65 K using neutron diffraction. The ment at the Cu nuclear site. In particular, the resonance fre-
same charge-order superlattice peaks were recently comuency for Cu NQR, conventionally calledq (~36
firmed using hard x-ray diffraction by Zimmermastal?®  MHz),*®'" is determined by the energy spliting of the
and a similarT ;harge~ 70 K was found. Even more recently, + 3+ 3 levels, which in turn is directly proportional to the
charge-order superlattice peaks have been observed @lectric field gradientEFG) at the Cu nuclear site. The EFG
Lay 4Ndy Sty 1<Cu0, by Niemdler etall® using hard itself is very sensitive to the charge environment, and we
x-rays, and they report a slightly lower onset temperaturéhus expect any change in the charge distribution within the
Tcharge=62 K. Charge  transport  studies  of CuG, plane, such as charge density way&DW), to di-
Lay ¢_xNdy 4Sr,Cu0, by Nodaet al!! also support a static rectly affect Cu NQR. Earlier work on conventional CDW
charge-stripe picture. The Hall coefficient shows a dramatisystems such as NbSéRef. 18§ and Rl ;MoO; (Ref. 19
decrease starting aroundcpa.ge, reflecting the one- made use of the extreme sensitivity ©f to the EFG. Our
dimensional nature of the charge transport in the stripecdpproachmakes use of wipeout effeétén 3Cu NQR from
phase. Furthermore, the decrease is sharpest around thewhich we obtain unique information about charge-stripe or-
=1/8 doping where stripe order is believed to be mostder in Lg ¢ (Ndy,Sr,CuO,. The fundamental difference be-
robust’ tween NQR and neutron scattering is that the former is a
The observation of spin-stripe order has been reported fdocal probe, while the latter requires spatial coherence; thus
an even wider range of doping. Neutron scattering by TranNQR and neutron scattering provide complimentary infor-
quadaet al*? successfully detected static spin-stripe ordermation about stripe physics. The NQR wipeout alone cannot
for x=0.12, 0.15, and 0.20 af,;,~ 50, 45, and 20 K, give details of the spatial structure of the stripes, but as a
respectively. These findings have been comfirmed and execal probe, NQR is very sensitive to charge stripes with
tended with more recent measurements by Ichikewal®*  short or poorly defined correlation lengths. Indeed, away
The neutron scattering experimeiitalso observe a decreas- from the robust 1/8 region, detection of charge stripes by
ing sublattice magnetization away from 1/8 doping, and in-bulk scattering has proved difficult and up to now, no direct
commensurabilities that are similar to those for theobservation of charge-stripe order has been reported other
La, ,SK,CuQ, series:* The most interesting feature, how- than for Lg 4dNdg 4SSt 1.CUO, and La 44Ndy 4Stp 14CUO;.
ever, is that the onset temperattrg,;, for spin-stripe order However, by confirming that the NQR wipeout fraction
in Lay g Ndy 4S1,CuQ, at x=0.12 is 50 K, which idower  F(T) hasidentical temperature dependence as the neutron
thanTcpa e Of 65 K, implying that charge order is a precur- and x-ray charge-stripe order parameter for0.12 and
sor to spin order. In addition, a spin ordering temperatured.15, we claim thaF (T) is the charge-stripe order parameter
Tspin=30, 25, and<4 K for x=0.12, 0.15, and 0.20, re- and we extend the detection of charge-stripe order in
spectively, has been determined by Nachwnal® using  La, s Nd,,Sr,CuO, to 0.07<x<0.25. We also establish
muon spin resonanceuSR). TheuSR probe has a lower that the transition is sharpestya=0.12.
inherent frequency~ 10" Hz) compared with elastic neutron The rest of the paper is presented as follows: in Sec. Il we
scattering - 10" Hz), so the discrepency in the spin order- go over the experimental details and present our results. In
ing temperature between theSR and neutron results indi- Sec. Il we discuss our NQR data in comparison with the
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. away from the Sr dopants. This picture is consistent with the
1 observed ratio of intensities. We also observed an enhanced
1 tail at the lower frequency side of the spectrum, possibly
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%a %‘40 from Cu sites underneath a Nd atom. This lower frequency
2% °2M . . _ tail is also observed in La_Euy,Sr,CuO, spectr& pre-
g fo o o~ e }1®2e2.  sumably from Cu sites underneath a Eu atom.

,”gﬁ 70_12&& ése.sf { losa B In order to extract quantitative information about the line
» <o T8 shapes, each spectrum was fit to a convolution of Gaussians:
OAOQMM B et ] { ls7e two for the ®3Cu and®Cu A line, and two for the’*Cu and
,f"'IL i g © 85Cu B line[as shown fox=0.12 in Fig. 1a)]. Fitting the A

'l ‘ ' ss2bl line with two Gaussians results in six parametéveo am-
30 35 40 005 01 0.15 02 0.25 . > ‘
f (MHz) Sr(x) plitudes, two peak positions corresponding to the NQR fre-

quencies®®vg and ®vq, and two widthg Using the known

FIG. 1. (8 Line shapes for Lgg (Nd,,Sr,CuO, where the [atios of 63VQ/65VQ=Q63/Q65:1.083 andN®3/N®5=69/31
value 0.0&x=0.25 is shown for each line. All line shapes were ¢q the quadrupole moment® and isotopic abundances,
taken at 150 K and all are normalized to equal heights for p“rposeﬁaspectively, reduces the number of free parameters. The B
of comparison. The raw data points are shown along with their ﬂtﬁine was fit in the same manner.
(see textand the decomposition of the fit far=0.12 is shown(b) Results of A line half width at half maximurtHWHM)
~Cu A |in§3HWHM (4) .Obt%Lned by fitting the 150 K line shapes. ,p,coreq at 150 K are shown in FigbL The fitted value of
(©) Aline Zvo (@), Bline ®vg (©), both at 150 K. the HWHM is sensitive to the line-shape data, especially at
g1e tails, but the general trend is that the HWHM increases
with x. The value is generally 50% higher than the HWHM
observed for La ,Sr,CuQ, at the same dopint.This is
possibly due to the increase in structural disorder due to Nd
substitution.
A. Sample preparation Results of the®v, for the A and B lines observed at 150
K are shown in Fig. (c). The doping dependence of, for
the A and B lines in Lag_,Nd, ,Sr,CuQ, is consistent with
Erevious studies on La,Sr,CuQ,.%*

neutron and x-ray measurements. Section IV contains th
conclusions.

Il. EXPERIMENTAL PROCEDURES AND RESULTS

Powder samples of Lg Ndy,S,,CuO, with x
=0.07, 0.09, 0.12, 0.15, 0.20, and 0.25 were prepared b
solid-state reactions of L®; (99.99%, Nd,O; (99.99%),
SrCQ; (99.99% and Cu0(99.995%. The materials were
mixed in the desired stochiometry and prereacted at 850 °C. C. Temperature dependence of3Cu NQR spectra
The samples were then finely ground and heated to 950 °C. Th q d f the li h .
This cycle was repeated several times. For the final reaction e temperature dependence of the line shapes came in

: N three forms:
the powder was pressg0.6 GPa into rods of cylindrical : . : 6
shape and annealed in flowing oxygen. The heat cycle for (1) The inhomogeneous linewiddHWHM) of the **Cu

this final reaction was similar to that used by Bregeal2! A line Sh(;WI(’)] ianig. za) for x2= 0.12 Ehows a smooth in-
where a highest temperature of 1150 °C was used. All th&rease {-20%) from 300 to 20 K. The same temperature

samples were confirmed by x-ray diffraction to be singledﬁpegsveg&ed()f the HWHI\/(ijas found f(;]r all the sadm_ples.
phased, and the room temperature orthorhombic splitting. e ata were used to estimate the integrated inten-

_ : ; ity of the NQR line shape, so to avoid unnecessary scatter in
[b=a] was in good agreement witiRef. 23. this estimation, we typically used a linear fit to the HWHM.
(2) Figure 2a) shows the temperature dependence of
vq for thex=0.12 sample, and as can be se%’mQ shows

The %38%Cu NQR frequency spectra, or line shapes, werea gradual increase of several hundred kHz from room tem-
measured using a 90f-180°-r-echo phase-cycled pulse se- perature down td ¢pa.qe= 70(7) K, below which the rise in
guence at fixedr. The resonant circuit was heavily damped est is more dramatic. The other samples show qualitatively
so that shortr could be usedtypically 7=10-12 us). In  similar temperature dependence, as discussed in Sec. Ill.

B. Characterization of NQR spectra 63

addition, the damping assured that Qevalue of the reso- (3) All of the materials showed a dramatic loss of signal
nance circuit changed little with temperature; therefore pulséntensity at temperatures below 150 K. Figutb)Zhows the
conditions and sensitivity remained constant. temperature dependence of the line shapes$00.12. The

Figure Xa) shows the line shapes for all the NQR intensity is proportional to the statistical Boltzmann
Lay ¢ xNdo ,Sr,CuQ, materials observed at 150 K. At 150 K, factor e"*e’ksT~1/T, wherehvo<kgT in the present case.
all the materials are in the LTQow-temperature orthorhom- Accordingly, we multiplied each line shape Byto take this
bic) phase. The two different sites, conventionally called Ainto account. The loss of NQR intensity therefore implies
and B, are present for all the materials and each is furthethat 35%Cu nuclear spins in certain segments of the sample
split into two lines due to the presence iCu and ®®*Cu  become undetectable.
isotopes. Note that the intensity of the B line compared with In order to quantify the loss of signal shown in FigbR
that of the A line goes roughly as the dopimgin good we estimated the temperature dependence of the integrated
agreement with earlier reports by Yoshimueaal? It is intensity for each material using a three step proddsse
generally believed that the B line originates from Cu nucleicalculated the area of the line shape from the fitting proce-
underneath a Sr atom, and the A line from the Cu nucledure described abové2) A Boltzmann factor was included
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FIG. 2. (a) Temperature dependence of t€u A line HWHM K for the x=0.20 sample. Also shown, the 30 K line shape in

for x=0.12 (O) along with a linear extrapolation, and the tem- arbitrary units measured at fixed=0.12 ps (O) along with its fit
perature. dependence of A lifév, for x=0.12 (@) ’(b) X=0.12 and the decomposition of the fib) Temperature dependence of the

. integrated intensity fok=0.20 measured by the full, correction
!2?;2; %e:O?tBloﬁ';tOZ r};gr)mgc}t( d(s‘e?a’ tgqu (A), and 40K @&), all (@), or by correcting forT, just at the peak of the A lineX).
shown in Fig. 8b), both A and B lines have identical tem-
at each temperaturé3) The line shapes were corrected for perature dependence of the integrated NQR intensity.
spin echo decay as described below. We also attempted to Corrections for spin-echo decay, or th&,'corrections,”
make standard NQR frequency corrections ¢f 16 the line  were made by measuring the spin-spin relaxatiof, 1Ref.
shape intensity! but they did not affect our results. Figure 17) at each temperature. Singe exhibits slight dependence
3(a) shows the results of the temperature dependence of then frequency, in order to be rigorous one needs to make
integrated intensity fork=0.12. When working out the line- corrections forT, at every frequency rather than just at the
shape area, only the integral of the A line intensity was usegeak of the A line. We tested whether the rigorous approach
so that unnecessary scattering of the estimated total intensityas necessary. For the=0.20 sample, the effect af, was
was avoided. This was justified by previous high precisiomearly uniform across the entire line shape at 150 K, but at
studies of the NQR intensityon a related compound 30 K [shown in Fig. 49)], 1/T, increased towards the lower
Lay g7Pag 1,6CUO, enriched with the 53Cu isotope. As frequency side. Figure (d) shows the integrated intensity
with the “full T, correction” at 150 and 30 K compared
. with the intensity points deduced from correcting Tiar just
I . 1 1 at the peak frequency. Both methods gave the same results
I T 1 within experimental error, so we conclude that the cor-
\ % rection at the peak of the A line is sufficient.
T i As shown in Fig. 8a) for x=0.12, the intensity is con-
charge % stant within experimental error from 300 to(7QK, but then
] shows a dramatic drop to zero from(7Pto 10 K. This is the
i (a) ¢ (b) ‘wipeout’ effect, and we will discuss the mechanism of the
Iﬂ{. L IHH ! wipeout in Sec. Illl. By taking the constant value between
0 50 100 150 200 O 50 100 300 and 707) K as the zero baseline and then inverting the
Tk T plot, one obtains the fraction of signal lost, or the wipeout
FIG. 3. () Temperature dependence of the integrafégu  fractionF(T). As we demonstrate in Sec. lll, the onset tem-
NQR intensity for La 4gNdy .St 1,CUO, in arbitrary units. Also  Perature of=(T) is in good agreement with the charge-stripe
shown, the onset temperature for wipedUhage, and the ©)  ordering temperaturl ch,qe determined by neutron/x-ray
show Gaussian curvature in the spin echo dec@) ¢o not(see  scattering. Figure 5 is a plot of the temperature dependence
text). (b) Temperature dependence of the integrated intensity foof F(T) for all the La g «Ndy,Sr,CuQ, samples. Even
Lay g7Ba9.124CUO, for the A line (A) and B line @A). though T¢harge @and the transition widths are different for
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FIG. 7. Spin-echo decay for Lad\d, ,Srp 1CuQ, at the various
temperatures normalized by the Boltzmann factor. Also shown are
spin-echo envelopes fit with Gaussian curvature ( and without
(@).

FIG. 5. Wipeout fractionF(T) in La; ¢ ,Ndy,SrCuQ, for x
=0.07 (A), x=0.09 (1), x=0.12 (@), x=0.15 ©O), x
=0.20 (¥), andx=0.25 (¢ ). The solid lines through the points
are a guide for the eye.

variousx, all show 100% wipeout, thus leaving no observ- pulses as shown in Fig. 7 wher§(27) is plotted on a loga-
able 53Cu NQR signal by~10 K. We emphasize that since rithmic scale. The data are from the jL@Nd, 4SK 1CuQ,
we have takefT, corrections into account for the integrated sample, and(27) is measured a?3vQ for the A line at each
intensity, the loss of observable NQR signahat caused by temperature. In order to correct the NQR integrated intensity
a divergence of, throughout the entire sample, as is oftenfor spin-echo decay, one has to extrapolate the curve to the
observed in the vicinity of magnetic long range order. zero time 2r=0. Most importantly, qualitative changes of
the decay shapésuch as loss of Gaussian curvature below
Tchargd Makes T, corrections essential in determining
Tcharge @ccurately. The shortest possible  limited by the
the circuit dead time with a value ef20 us.

The fit used for the extrapolation has the functional form

D. 53Cu spin-lattice relaxtion

Figure 6 shows the spin-lattice relaxation r&f&/T, for

Lay 4gNdp St 1 LU0, Lay 4gNdp 4S10.15CUO,, and

Lay gdEUg 5S1H 1 LUy, in addition to Lg ggsSry 11CU0, data
from (Ref. 23. All ®31/T, were taken at A lin€3vq, and all

fit well to single exponential recoveries as expected Ifor D
=3/2 nuclei in NQR. The relaxation rates for the four mate-

rials are equal within 10% from 300 K to about 125 K, but Where T, is the Lorentzian decay which has contributions
below about 125 K, th&31/T, data for Lg g_4Ndg ,Sr,CuQ, from the Redfieldl'; process, and , is the Gaussian decay
measured for the remainiffCu NQR signal increases with Which is dominated by the indirect spin-spin coupling be-
deceasing temperature as1/T. The ®1/T, data for tween like spins’ In various highT, and related copper
Lal.GdEuO.ZS'biZCuo4 (Ref 23 start to increase at a lower oxides, when the NQR linewidth is as small @200 kHz,
temperature of 3%) K. Wipeout effects below 30 K prohibit 0ne can excite the entiCu NQR spectrum with intense rf
further measurement &f1/T; data for La g Nd, ,SK,CuQ, pulses. In such cases, one can give theoretical constraints on
and La gl 25K 1.CU0,. At 30 K, even though®31/T, the Lorentzian contributioif,, based on calculations of the
from the remaining~5% of the signal is increasing with Spin-lattice relaxation proces$.In the present case, how-

decreasing temperature, it is still measurable. ever, the full NQR linewidth -3 MHz) is an order of mag-
nitude larger than the strength of the rf pulses200 kH2.

It is well known that this gives rise to artificial changes in the
functional form of the spin-echo decaymaking the Gauss-
00ian contribution more Lorentzian. Accordingly, we chose
bothT,, andT,g as free parameters. We note that use of the

stretched exponential form of the fitting function

S(27)= S(O)e_ZT/TZLe_QT)Z/ZT%G,

E. %3Cu spin-echo decay

The NQR spin-echo intensitg(27) depends strongly on
27 (wherer is the time separation between the 90° and 18

P -
!
Eﬁ%

S(27)=5(0)e~ ™", )
often used in the literature under similar circumstances did
not affect our estimate of the temperature dependence of
S(0).
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FIG. 6. 1T,
Lag 4dNdy 4Shp.1 LU0, (@),

La; ggEUy 2ST 1 LU0, (O), and the solid line LaggsSry 11Cu0,

(Ref. 23, all measured in ms'.
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At Tcharge @and below, the spin-echo decay dramatically
changed to a single rate Lorentzian. This can be seen by the
loss of curvature in Fig. 7. As discussed in Sec. lll, this
crossover provides an added signature for the onset of wipe-
out, however the crossover also generates more potential er-
ror in the estimate of th&, corrected intensity5(0). Small
changes of curvature in the fit create large variations in the
value of S(0) atT=T¢parge, SO €xtra care had to be taken
for data measurements and fits arounglsrge- This com-
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' ' verse charge-order pdakormalized to 10 K, along with our
1 _%ﬁ{ { temperature dependence BfT). We note that, in general,
%Q g the elastic scattering intensity represents the square of the
0.8]- ) % ? e 4 order parametejfor example, the intensity of the magnetic
% 1&3 N Bragg scattering is the square of the sublattice magnetization
E\ J M(T)].2¢ The identical temperature dependencé ¢F) and
04 { the neutron charge-order parameter allows us to conclude
T Yoo that the wipeout fractior-(T) represents the charge-stripe
¢ {O order parameter. Also plotted is the square root of the static
spin-ordered peaksM(T) for x=0.12 by neutron

0 || || i L i diffraction®'?and it clearly indicates the wipeout fraction is
triggered by charge order and not spin order.
1 —{DOH . Further evidence of charge-stripe order in
‘T . Lay 4Ndo St 1.CUO, (Ref. 9 and La 4Ny iSto 15CUO;
08 Hﬂ 7 (Ref. 10 has been reported using high energy x-ray scatter-
- { ing. Figure 8a) includes the x-ray results for=0.12, where
— 061 ; {H ] the square roots of the longitudinal charge peaks are plotted
e ;
04l { | normalized to 10 K. The x-ray data are in good agreement
O with both neutron and NQR data. Figuré&gis a compari-
02F (b & ] son of x-ray data fox=0.15° where we have plotted the
N square root of the charge peaks in the transverse direction
00 2'0 4'0 6;0' 50 and compared it to our wipeout fractidf(T) for x=0.15.

T (K) Again, the x-ray data agree on the onset temperature
Tcharge~60(6) K obtained from NQR. Both sets of x-ray
data further support our identification of the wipeout fraction

i F(T) as the charge-stripe order parameter. Furthermore, we
note thatT.p,rge Measured by NQR, x ray, and neutrat

0.8 . agree forx=0.12 despite the different frequency scales of
— each probe, indicating that charge stripes slow down to NQR
= 06 7 time scales very quickly nedfepage.

0.4 | Given the evidence for charge-stripe ordering in

. Lay 4dNdg 4S1p 1 LU0, (Refs. 8 and » and
0.2 i Lay 4Ndy 4Sh 1£Cu0,, ° we will now argue that the Cu NQR
“wipeout” 20 effect comes as a natural consequence of the
0 ' ' ' L ordering. Because the resonant frequer?éyQ is directly
0 02 04 06 08 1 proportional to the electric field gradient at the Cu site, we

expect NQR to be very sensitive to local charge distribu-
tions. Indeed, a spatial modulation of the hole concentration
FIG. 8. (a) Plots of the wipeout fractiof (T) (O), the neutron  ranging from O to 0.5 hole per Cu atom results in as much as
charge order parametéRef. § (@), the x-ray order parameter an ~8 MHz (Ref. 2] instantaneous variation quVQ. In
(Ref. 9 (A), and the neutron spin order paraméRef. 8 (X) for  the proposed stripe modedtx~ 1/8, rivers of hole-rich CuO
x=0.12. Each data set is normalized to its 10 K value and thechains with effectively 0.5 hole per Cu are separated by bare
dotted lines are guides for the eyb) Wipeout fractionF(T) (O)  three-leg CuO ladders with no holes. We therefore expect
along with the x-ray order parameteRef. 10 (@) for x=0.15.  that pelow the onset temperature for charge-stripe order
Each data set is normall_zed to its 1Q K value and the_dotted line |s|—charge’ regions which contain stripe fluctuations will have
a guide for the eyelc) Wipeout fractionF(t) as a function of the  jnqtanianeously varyingr, distributions, and if these fluc-
reduced temperature t=T/Tcparge for x=0.07 (V), X tuations are on the NQRt?me scdlee. flu,ctuate at frequen-
=0.09 ©O), x=0.12 @), x=0.15 (A), andx=0.20 (A). The . 63 L .
solid line isf4(t), and the dashed lines are guides for the eye. cles of order~yg), the resonance condition in those regions
will no longer be well defined. Furthermore, charge order
turns on slow spin fluctuatioASresulting in divergences in
the spin-lattice®31/T, (Ref. 28 and spin-spin®*1/T, relax-
ation rates within the stripe-ordered domainste that the
measured®®1/T; and %%1/T,, in Fig. 6 and Fig. 10 do not
1. DISCUSSION necessarily reflect the relaxation rates in the ordered seg-
ments of the sample but they are a measure of relaxation
rates of the segments that have not yet order@dth these
We now compare the NQR wipeout fractifT) to elas-  effects will result in a loss of*Cu NQR signal intensity and
tic neutron diffraction studies carried out for we therefore expect the fraction of the intensity loss to be a
Lay 4dNd, 4SK, 1,CUO, by Tranquadaet al,® where charge- good measure of stripe order.
stripe order was discovered. FiguréBis a comparison of It is worth mentioning that at low enough temperatures,
the temperature dependence of the square root of the traneah NQR like signal reappears for the case of

charge

plexity is the reason for the larger error bars aroliggyge
in Fig. 3(@). ConsequentlyT charge IS given a=10% error.

A. Wipeout effects
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150 pected sinc& (T) is related to the fraction of the Cy@lane
where condensate fluctuations exist. The fact that the transi-
tion is sharpest around~1/8 could indicate that the charge
120 |- _ stripe is most stable around-1/8.
We now present the phase diagram  of
Lay 6 xNdy ,Sr,CuGQy, in Fig. 9, With Teparge, Tspin @ccording
to neutron scatterindf, Ty, obtained byuSR," the super-
90 - conducting transition temperatufie, and the LTO to LTT
(low-temperature tetragonabr LTLO (low-temperature less
é" TN orthorhombi¢ transition temperatur@, .3> We measured
60— — _ _ _ ??EF N _ the bulk magnetic susceptibility with a SQUID magnetome-
N ter in a field of 10 Oe, and we estimatd@d by taking the
.~ X, slope at the half point in the diamagnetic response and ex-
7 trapolating to zero susceptibility. The=0.12 and 0.07
30 - L RN ] samples show residual superconducting components, and the
x=0.25 sample shows no diamagnetic response down to 3
A A K. The x=0.09, 0.15, and 0.20 samples have the largest
0 A L | e X low-temperature susceptibility-4my with Meissner frac-
tions corresponding te-40%. Figure 9 demonstrates for the
0.05 0.1 0.15 0.2 0.25 first time that charge-stripe order exists throughout the entire
Sr (X) superconducting region of La ,Ndy,Sr,CuQ,. Further-
more, the 100% wipeout indicates that the charge-stripe tran-
FIG. 9. Phase  diagram  with Tghaqe  for  sition involves theentire CuG, plane.
Lay - «Ndy sSK,CUO, (@), Teparge fOr Lay g Elg ;SKCUQ, (O), Figure 9 clearly indicates that Tcpage for
Tspin for Lag g «Ndy,SKCuQ, according to neutron scattering La; g 4Ndy 4Sr,CuO, does not strictly coincide withl,
(X) (Ref. 13, Tgpin for Laye xNdysSKCuQ, according to  ~60 K except atx=0.12, suggesting that the LTO-LTT
#SR (+) (Ref. 15, andT, for La; s xNdy sSKCUO, (A), along  structural transition is not the primary cause of the charge
with a shaded region to highlight the superconducting phase. A|5%1nomaly afl charge- Further support of this statement comes
shown is the LTO to LTT(or LTLO) boundary(br_oken_li_ne_) for from NQR wipeout measurements we made on
Lay ¢ «Ndo ,SKCUO, (Ref. 33, and two dashed lines joining the | 5 . Fy .Sr.CuO, with x=0.07, 0.12, 0.16, and 0.20 all
(x)_and (+) points as a guide for the eye. Near the solubility limit, \ 1"\ TO-LTT structural transition temperaturg 1+~ 130
\t/)ve f'ngChﬁfge:A'o(l;) Kfoilfg%g\l?g?Sroig,CuO%(ncS)t Showgto K (Ref. 39 that are higher than for La_ ,Ndg ,Sr,CuO,
e about the same & parge=40(6) K for L&, 4Ndo 45t 24U0;. whereT 17~60 K. We used exactly the same techniques to
measureF(T) and Tparge for Lay g xElgy ;SKCuQ, as de-
cribed earlier for Lag ,Nd,.Sr,CuQ,, and the results
shown in Fig. 9 indicate that TcpaqdX) for
La; g xElyoSr,CuQ, and Lg g «Nd, »Sr,CuQ, is the same
ithin the experimental error. This clearly shows that
charge @Nd T 1 are not strictly correlated and that the LTT
structural transition is not the primary origin of the charge
anomaly. We also note that spin-stripe order has been ob-
ns_erved in La_,Sr,CuQ, [x=0.12 (Refs. 2,3 andx=0.05
(Ref. 4] and LaCuQ,, 5,°> where neither material even has
he LTO-LTT structural phase transition.

T (K)

La, gdBag 1.CU0,.2° Below < 10 K, static magnetic hyperfine
fields strongly perturb the Cu NQR spectrum causing a lin
broadening from low frequencies up to 80 M2We con-
firmed the findings from Ref. 29 for LadBa,; 1 Cu0,, where
a broad, featureless Zeeman-perturbed NQR spectrum at
K was reported. We note that the low-temperature spectru
for Lay ¢y Ndg 4Sr,CuQ, is further complicated by magnetic
field contributions from the Nd ions that orderaB K.2

We now discuss a possible fit of the temperature depe
dence of~(T). Conventional CDW ground states have many
common characteristics with other broken symmetry grouna
states such as superconducting and spin-density-wave
ground states. In particular, within the weak coupling limit,
the thermodynamics of the phase transition and the tempera-
ture dependence of the order parameter are the same as thosé/Ve now compare the temperature dependenc&nfr;
of a BCS superconductdf:>! To see if this is the case, we in Lay 4gNdg 4Sto 1.CU0,, Lay 4Ndg ,Sto 1:CuU0;,
present Fig. &) whereF(t) is plotted as a function of the La; gdEUg 2SSty 1LLUC,, and Lg ggSlo.11CUO,, 2% in light of
reduced temperature t=T/Tepaqe for all  the  previous®1/T; measurements by Itatt al*° on a variety of
Lay 6-xNd 4Sr,CuO, samples. The solid curve is the BCS the rare eartiR) doped 1-2-3 materials RB&u;0;_, [R
form of the condensate density(t) in the dynamic limit?> =Y, Nd, Eul.
and the dashed curves are a guide for the eye. The data for As discussed in Ref. 35, thef 4electron moments from
the x=0.09, 0.15, and 0.20 samples look similar, and thethe trivalent rare eartfiR®>* ions contribute to the®1/T,
x=0.07 data stand out as having the broadest transition. Therimarily through a dipole interaction between thé @o-
x=0.25 data(not shown look identical to thex=0.20 data. ment and the Cu nuclear moment, giving the general form
The temperature dependencekdit) for x=0.12 appears to
be the sharpest and shows the best agreement fiyft).
From the wipeout mechanism we have proposed, this is ex- 83T = (1T ) s+ (LT cy- ©)

B. 53Cu spin-lattice relaxation rate %1/T,
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We find that the ®31/T, data for Lg ggsSty11:CuOy,, 220 ————
La; g xNdy ,Sr,CuQ,, and Lg gEWy Sy 1LCuO, have the
same systematic features as the equivalent ,@BgO; ,, ;‘: 165 |- { } i
NdB&Cu;0;_,, and EuBaCu;0;_, data. £ {

(1) LayggsSlp114CU0, and YB3gCuO;-y have no o 110+
(1/T1)4; component, and (T4)c, for the observable seg- iy } 5 { i3
ments of the NQR signal in LagsSry 11Cu0, decreases - 55_} ﬁ é E§H§ i
with decreasing temperatute. :

(2) Lag 4dNdg 4Sip1CUQ,,  Lay 49Ndg 4Slp15CUG,, and 0 H Y R W—
NdBa,Cu;0;_, all have Nd* ions which haveJ=9/2 0 20 40 60 80 100 120

ground states, and a large 1), contribution is apparent T

with decreasing temperature in both cases. The temperature |G, 10. Temperature dependence BL/T, in ms! for
dependence of (T4),s depends on the details of the crystal La, , ,Nd, ,S,,CuO, with x=0.07 @), x=0.12 ©O), x
field > (1/T;) 4 for NdBa,Cuz0,_, is temperature indepen- =0.25 (A), and also for LaggEy ;Sh1CU0; (M).

dent down to at least 1 K, which is the expected behavior in

the limit Ty<T<A; whereTy=0.52 K is the ordering tem-
perature and\ ;=140 K is the crystal field splitting between

the ground state and the first excited state. TheS : - 2
tripe observations by neutron scattertAd? where Ty,,;
Lay 4dNdy 4S15.1CUO, and La 4dNdy 4S1p 14CUO, data show ~2F()) K for x=0.20. Izdeed, forx=0.10, %.12, 0.15,s and

fthattr(]ll;ri)4f<|r1128e§s§stﬁwth decrtea_5||ng temperature, '”d'cat'o.zo, Tspin IS consistently ~20 K higher for neutron
INg that 2, In these matenals. scattering>!? than for ©SR measurements. Further evi-

(3) Lay gy 2SI 1 LU, and EuBaCuzO;_y both have dence of the : ;
P J-2=10. - R glassy nature of the spin-ordering comes from
Ew’* ions which havel=0 ground states and=1 first electron spin resonance studies by Kataewal3* for

EX%'teg: s(t)ates dsfl't ﬁy the ﬁp'lg|-orb£; constatn.tb Ihe La; g xEly sSr,CuQ, at x~1/8, where they clearly observe
tu agd Lg |7‘V 53 ?(S ow .n(tag Itgl '(tah(tr;e)gif4%%n Q;I_'g? that the Cu spin fluctuation frequeneays; shows a strong
at and below , consistent wi N : temperature dependence beldw, ,ge-

Since the first excited state is predominantely split by spin-
orbit effects, one also expects negligible {),s contribu-
tions in La gdEly ST 1.CUQ, below 50 K. However, as the C. %%Cu spin-echo decay®®1/T,

%21.655%.23I‘0_12CUO4 data indicate, there is an increase in  \ye now discuss the temperature dependence of the spin
1/T, below 3§5) K, suggesting that the obse_rvab‘?éCu_ echo decay both above and belTeharge. AbOVE Teharge,
NQR signal senses diverging low frequency spin fluctuationgne gpin_echo decay from all the samples were fit using the

due to critical slowing down of Cu moments toward o free parameter§, and T, in Eq. (1). We found that
Tspin=25-27 K as observed byuSR (Ref. 37). fOF greatly reducing the excitation range from200 kHz to
Lay 6gEto 2510.1.CUG,. Both uSR ar71d NQR have similar in- ~ 5 W1, caused a significant reduction of the Gaussian
herent probing frequencies of 10" Hz; thus one expects ., mnanent. This can be understdih the context of inho-
Tspin €Ven for a glassy transition to be comparable for bothy,oyeneous broadening, where reducing the frequency range
measurements, as is the case fogJZ@S;rECqu accordlng 10 has the effect of reducing the number of like spins respon-
/GLBSR (Refs. 38, 39and 3% a NQR***We also find that  sible for the indirect spin-spifGaussiandecay. The reverse
LT, T in Lay gy oS 1LCUO, decreases slightly below  sjtuation where the frequency range is kept fixed but the
Tcharge PYior to the onset of critical divergence 8f1/T,T  inhomogeneous line is broadened will also reduce the num-
toward Tepin. Even though reduction ofL/T,T is usually  ber of like spins. Either way, detuning the spin-spin
attributed to pseudogap in the spin excitation spectrum, it ignechanisif results in an apparent reduction of the Gaussian
not clear whether that is the case here. We emphasize that tearvature in the spin-echo envelope and results in the Gauss-
reduction of /T, T is found for the observable fraction of jan contribution to the second moment appearing more
the CuQ planes, and that the unobservable fraction mayorentzian in character. However, even if we used weak rf
have divergenf31/T, atT=Tcharge- pulses and thereby eliminate the Gaussian curvature in the
We would like to add that although in the case of spin-echo decay, we found that the extrapolated v&({®
Lay g xNdy 4Sr,CuQ, below T=125 K, (1T,)4+ dominates doesnot change.
over (1), and no spin ordering can be inferredSR Even though the NQR HWHM does not increase signifi-
measurements report that there is spin-ordering at temperaantly aroundT ¢parge [Fig. 2@] and we maintain the same
tures T, similar to La g «Euy 2SKCuQ,. uSR measure- strength of rf pulses, we still observed a dramatic reduction
ments were obtained for LagNdy 4So;CuQ,,*>** where  of the Gaussian component at and belBya,ge, indicating
Tspin—30 K, and a reduced value for L aNdy 4Srp.1sCuQ;  that thereis a mechanism belowl .pa.qe that inherently
of Tpin~25 K has also been reportét!*It was also shown eliminates the Gaussian process. The same mechanism that
by wuSR (Ref. 42 that Tg,,~25 K for causes the wipeout can also be used to explain the crossover,
Lay g5-yNd,Srp15CUQ, is independent of the Nd concentra- namely, that the spatial charge modulations belBw;qe
tion y for 0.3<y=<0.6. detune the indirect interaction by creating site to sﬁi:ieQ
Figure 9 includes the values ofTg,, for variations, thereby reducing the number of like spins and
La, g ¢Ndq ,SK,CuQ, according to neutron scatteritigand  thus eliminating the Gaussian decay. BeldWharge: the

uSRY® No spontaneous magnetization is detected xor
=0.20 by uSR down b 4 K in contrast to the static spin-



15 352

364F I g

35.2

37
36.5

36| }

3551 I I I I I I
0 50 100 150 200 250 300
T(K)

(MHz)

<
&)
o
©

(0) 4

FIG. 11. Temperature dependence ‘b°‘sz A line for (a) x
=0.07 and(b) x=0.12. (@) corresponds to data foF>Tnarge
and (O) to T<Tcharge- The vertical line indicates the LTO-LTT

transition temperature. The upper curve of the fit corresponds t

finite ®(x), and the lower curve td,(x)=0.

spin-echo decay was always Lorentzian with <T,. We
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TABLE I. Experimentally determined values aby(x) in
degreed’ and theoretically determined values ®f(x) in degrees
(see text for x=0.07 andx=0.12.

X Po(x) Dy(x)
0.07 5.5° 45°
0.12 4.8° 45°

1Ty~ YeHReTe, )
but sincey,Hy is not known, one cannot estimatg. We

note, however, that a sliding motion of CDW’s in conven-
tional CDW conductors causes motional narromifigdur
present case is unconventional in the sense that we are ob-
serving the fraction of the material that has not yet ordered,
and that charge order turns on slow spin dynarhics.

D. Temperature dependence of*vq

Figure 11 shows the temperature dependence of A line
83y, for x=0.07 and 0.12. The closed symbols indicate tem-
peratures above& arge; and open symbols beloWepqge-
Also shown is the vertical line marking the structural transi-
tion temperaturd | 1 from the LTO to LTT(or LTLO). We

gefineTDQ as the temperature below which the rise in the A

line 631/Q for the observable part of the signal starts to in-
crease.T,,Q=7O(7) K forx=0.12 andTVQ~ 130(13) K for

x=0.07. Tyt is also defined as the high-temperature tetra-

observed that reducing the spectral excitation range in thigonal (HTT) to LTO transition temperatut&.

case didnot changeT,, . Figure 10 shows the temperature
dependence of %1/T, for a selection of the
La, g «Ndo ,Sr,CuQ, samples and LaggEu St 1Cu0,.
The data at each doping startg,,,4e and finish when the

The measurement of the temperature dependence for the
A line %3yq for x>0.12 has an added complexity to it. As
shown in Fig. 1a), the B line increases in amplitude with Sr
doping, and unfortunately, the B lin€Cu frequency coin-

wipeout is nearly complete. The doping dependence otides with the main A linéCu. This is evident in Fig. &)
631/T,, shows a systematic decease with increased hole doger x=0.20 where the shape of the main peak is largely due

ing x. If 831/T,, was entirely dominated byf4moment fluc-
tuations from the N&" ion, ®31/T, would not show this
doping dependence. Moreover, as argued for’fiér; data,
Lay geEly 2SI 1CU0, has a negligible # moment at 50 K,
yet within scattering,®*1/T,, at 50 K is the same as for

Lay 4gNdp 4Slp.1CUO,.
The fact thatT, <T;, coupled with the fact that the

to the ®°Cu B line. Accurate determination of the A lifévq
temperature dependence therefore implies taking very careful
line shapes of a decreasing signal intensity beloys,ge-
We have however been able to determine that the A line
63vQ for all the samples increases with decreasing tempera-
ture down to~10 K and that the rise beIoW,,Q= 70(7) Kiis

sharp forx=0.12. x=0.09 and 0.12 have qualitatively the

Nd®* ion is not the primary source of relaxation, leads us tosgme temperature dependence of the A fihe, .
believe that within the observable domains there exist certain There are at least two possib|e exp|anations for the sharp

magnetic hyperfine field#l,; at the Cu site that fluctuate
with a correlation timer, satisfying the motional narrowing
limit y,Hpi7.<1 (Ref. 19 (where y, is the Cu gyromag-

netic ratig. We infer that these fluctuations are primarily
magnetic rather than quadrupolar by verifying that

651/-|-2L esyﬁ
0 ~ %32 =1.15. (4)
1Ty Yn

The frequency dependence off}/ for the x=0.20 sample
was shown in Fig. @) at T=30 K<Tpa.ge, and indeed,

rise in %3y below T, for x=0.12. One is based on elec-
tronic effects. If we assume that, is in the vicinity of

Tcharges Which is certainly true fox=0.12, one can postu-
late that regions with lower hole concentrations wipe out at
higher temperatures in such a way tRat will appear to
increase with decreasing temperaturecall that regions
with higher hole concentrations have higheévQ values.
Another possible explanation for the large rise Gﬁ’vQ
arises from structural distortion. In order to obtain a semi-
guantitative idea of how structural effects charfﬁeQ, we
calculate the electic field gradient at the Cu site by a point

the 15% rise at lower frequency is consistent with primarilycharge lattice summation method similar to that reported in
magnetic relaxation. It is also known that in the motionalRef. 44. The two inputs necessary for the EFG calculation
narrowing limit’ are the positions of the ions;} relative to the Cu nucleus
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and the point charge of the ioneg;J. The lattice components effects, we further tilted the octahedra from thexis start-

of the EFG are calculated from summations such as ing atTVQ and we took the same temperature dependence of
the angle in the LTO phase:

(3z7-r})
e =2 &5 (6) DX, T<T, )~ Bo(X)+ ()X (1=T/T, ). (11)
i

where we included all the ions within a sphere of radius 100 Tlhe ?Tg addt|t|o?|e:I pa}lrageters no(\jNTare :?e m;’mmfum tlt

A from the origin. The ionic charges for the A line are as- angle of the extra tilt calleeb,(x), an vgr 10 1S Cleartor

Signed as follows: x=0.12 thatT,,QNTcharge=70(7) K, and forx=0.07 we
have also useEl‘VQ~Tcharge: 130(13) K. The lower line in

each plot is with®,(x) =0 and the upper line is for finite
®,(x). The rise in ®v, can now be reproduced, and the
(7) angles used are shown in Table I.
) ) We point out that the values df;(x) that best reproduce
where Oy, is the planar oxygen an@, the apical 0xygen. ihe gata should only be taken as estimates. The calculation so

The room temperature values of the lattice constants arg gescribed is naturally very sensitive to the exact ion po-
taken from high resolution x-ray diffractidfi.with decreas- sitions and to the constaf For instance, using a largér

ing temperature, the percentile change of the lattice constan{Sij make 63,4 more sensitive to changes @, and one

are taken from Ref. 46, where the orthorhombic splitting is,,ou1d then use lower values df,(x) to reproduce the data.

reported to go as There is no conclusive evidence either way. We are re-
minded however that neither possibility has to involve all
segments, just those that have not yet been wiped out. Even
though there have been no reports from bulk scattering
experimentd”®3 that there is further octahedron tilting at
temperatures below | 17, bulk scattering experimerfts®

La(Nd): + 3, Op:—<2—i

5| 0,:—2, Cu+2,

[b—al(x,T)~[b=alo() X (1=T/Tyrp®, (8

where 8=1/3. The oxygen octahedron tilting angle is taken
to have the forrf

N _ 8 measure the spatial average of the tilting angle WPﬁlQ? is
POGT) =o)X (1= T/ Thr)", @ 3 local probe of the observable segments.
also with=1/3. Below T 17, [b—a] is set to zero, and Using the same method as described above, we also cal-
is kept at it - & _wh lue is tak culated the effects charg_e—strlpe formanon alone unld have
:cfon?%; A? maximum angiéo(x), whose value is taken on the EFG forx=1/8. First, we confirmed that adding 0.5

hole uniformly on the planar oxygens can account for the
rise in the A line %y, of ~8 MHz, in agreement with ex-
perimental observations in ba,Sr,CuQ,.?? Next, we took
(10 the conventional stripe pictutevhere the holes lie uniformly

in the river of holes across one Cu chain separated by bare

whereA(x) (~70 MH2) is the contribution from the hole in three leg ladders, and we pre_dicted an NQR Iin_e _splitting in_to
the 3,> ,» orbital and its value was chosen to match thethe three peaks corresponding to the three distinct Cu sites
room temperature value of the A lifdv. B is determined (actually each peak was further spHt300 kHz into two due
by antishielding effect€ and the value is estimated to be 0 Perpendicular stripes from neighboring planés the cal-
14.1 MHz from an empirical fit performed by Shimizt al. culation, we interpreted one hole on a Cu site to mean one
on a large pool of data for different superconducting materinole distributed _evenly around its four surroundln_g planar
als. Our calculations typically giveq.,~2.7, consistent ©XY9ens. The highest frequency peak corresponding to the
with lattice EFG's for highT. cuprate$* We note that the ~CU Site on the river shifted-6 MHz above the uniformly
only parameter we have adjusted to best fit the data is theOPed case, while the lowest peak corresponding to the Cu at
constantA(x). All the other parameters have been takentn€ center of the three-leg ladder shifte@d MHz below the
from other experimental sources. uniform casea. We also tried various charge-stripe

We can check that the calculation is in semiquantitativeconf'gura_t'Or‘é‘v and we found that any smoothing of the
agreement with the data by confirming the monotonic rise irfharge distribution reduced the peak splitting.
est with deceasing temperature in the LTO phésgthout Coqtrary to _these calculated resultseﬁf/Q in stripes, no
tilting the octahedra, the calculation predicts tiat, de- NQR line splitting for the observable part of the signal was
creaseslue to lattice shrinking Indeed the calculation does ©PServed experimentally at or beloWarge. This implies
show semiquantitative agreement with the data abioye that there is no static stripe order in the observable part of the

An important result from the calculation is that the ghangeCuoz plane. The signal we can observe beldgharge IS

: . : ither from islands that have not yet ordered, or from island

from LTO to LTT has little effect on®3vg, i.e., g is eriier from Isands Ve not yet order from IS'ands

insensitive to azimuthal rotations of the octahedra about the with quasistatic order but with NQR lines that are motionally

axis. This justifies the fact that we have neglected any interparrowed.

mediate LTLO phase¥ However, %y, is sensitive to the
angle that the octahedra are tilted from thexis. Thus, in
order to try to account for the dramatic increase %fq In this paper, we have reported a systematic study of the
beIowTVQ for the observable NQR signal just from structural temperature and doping dependence of stripe instabilities in

For ®pg in units of MHz andeqy in units of emu

X 10", %34 has the general empirical fofth

63VQ:A(X) —BXegau(x,T),

IV. CONCLUSIONS
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Lay - xNdy 4SK,CuQ, throughout the superconducting regime La,,Sr,CuO, (Ref. 1) reveals a possibly striking feature: it
based on®Cu NQR. Our approach takes advantage of thevould appear that charge-stripe order stops whiggy,ge
extreme sensitivity of3Cu NQR to charge stripes. We have becomes lower thaii, which for Lg,_,Sr,CuQ, happens
confirmed that the NQR wipeout fractioR(T) is a good to occur atx~1/8, but for La ¢ Ndy,Sr,CuO, does not
measure of the charge-stripe order parantet®rand we happen due to the highly suppresséd and the larger
have extended earlier measurements of the charge-stripe Okcharge- A Natural question to ask is whether the stripe in-
der parameter based on diffraction techniques beywrnd stabilities and superconductivity compete. If one looks at the
=0.12,0.15 to 0.0%4x=<0.25, and, in doing so, obtain an La,_,SrCuQ, with x>1/8, where static-stripe ordering is
extended phase diagram of the;lga,Nd, ,Sr,CuQ, system. suppressed and superconductivity is robust, one may con-
We have also presented and discussed the temperature a¢ldde they compete with each other. However, inelastic neu-
doping dependence of the NQR paramet@?sQ, 63Ty, tron scattering measuremefitsindicate that low energy
and %31/T,. (=2 meV) dynamic stripe fluctuations extend beyomd

We have shown that robust charge-stripe order continues 1/8, and perhaps they coexist even in ¥Ba;Og .
to hold up tox=0.25, where no static hyperfine fields have Furthermore, neutron scattering on ,Cai0,, ;s by Lee
been reported by.SR. This implies that completely static €t al” report that the elastic spin-order intensity appears at
spin ordering isnot a necessity for charge ordering. On the the same temperature as the superconductivity, suggesting
other hand, the Lorentzian spin-spin relaxation r&eT, ~ that the two phenomena are strongly correlated. Our new
observed belowl ¢qe SUggeESts that charge stripes continueStripe-superconductivity phase _diagram for
to fluctuate slowly even beloWeparge- Lal_,s,><Nd0_48r)_<C_uO4 in Fig. 9 also clea_rly |nd_|cz_ites that the

Our observation thal ¢narge is higher for lower doping superconductlvny phase boundary exists within the charge-
is counterintuitive, given that the charge-stripe transition isstripe phase boundary.
sharpest forx=1/8. On the other hand, the lower the hole
concentrationx, the stronger the tendency towards charge ACKNOWLEDGMENTS
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