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63Cu and '*¥La nuclear quadrupole resonance and Zeeman perturbed nuclear magnetic resonance experi-
ments are performed on the striped phase of the high-temperature supercondustgBalGuO, and
La, 4 y(Nd,Eu),Sr,CuQ,. The first goal of the present study is to utilize the fact that ordered Cu magnetic
moments exert a static hyperfine field on ff€u and***%a nuclei to deduce the charge density and ordered
moment within the Cu@ planes. A hyperfine-broadened nuclear quadrupole resor&@B) line shape is
observed in both La ,Ba,CuQ, and La gq yEUg 5051,CuO; for x~%. Detailed numerical analysis of tféCu
NQR line shape establishes that widely accepted models of periodic sinusoidal or square-well-shaped modu-
lations of spin density waves with maximum momen0.3 ug, as inferred from elastic neutron scattering
and muon spin rotationy SR) measurementsannotaccount for the NQR line shape unless we assume a
relatively small ordered moment0.15 wg with a comparably large distribution. The second goal of the
present work is to establish the temperature dependence of the fluctuation frequency scale of stripes. We find
that the fraction of missing®Cu NQR intensity below charge ordering temperaftligg, 4 accurately tracks
the temperature dependence of the charge order parameter as measured by scattering methods. By fitting a
singlemodel to the temperature dependences of the wipeout fraiidh for 3Cu and*3%La NQR, the spin
order parameter measured by elastic neutron scattering, apdSiRelata, we deduce the spatial distribution of
the spin fluctuation frequency scdleand its temperature dependence. These results indicate that as soon as the
charge dynamics slow down, the spin fluctuations begin to slow dramatically with spin stiffna{é“Z
~200 K. By extending the analysis to other hole concentrations, we demonstrate a qualitative difference in the
spatial variation of electronic states induced by slowing the charge dynamics above andbéow

DOI: 10.1103/PhysRevB.64.134525 PACS nuniger74.72—h, 76.60—k
. INTRODUCTION spin rotation SR) 2732 detect experimental signatures of
_ _ _ _ the stripe instabilites in the underdoped regime.
The electronic phase diagram of high-cuprates in- A major difficulty in applying NMR techniques to inves-

volves a number of different phases and crossovers, includigate the stripe phase of high- cuprates is in thelassy
ing an undoped antiferromagnetic phadéeel stat¢, an  nature of the slowing down of stripes that is observed for
insulator-metal crossover, a spin-glass phase, a pseudoggbst striped cuprate$®® [one exception being LEUO,, 5
phase, and an overdoped metallic regime, in addition to thefs. 6 and 3R Unlike ordinary second-order phase transi-
superconducting phase. The complexity of the phase diagrafions, the slowing of stripe fluctuations is very gradual and
makes it difficult to identify the superconducting mechanism.inhomogeneous. This means that the experimental signature
Some of the aformentioned phases and crossovers may b stripe freezing appears at different temperatures depend-
irrelevant to the superconducting mechanism, while othersng on the characteristic frequency of the experimental
may prove to be critical. Further experimental efforts are probe. If one uses a probe with a lower-frequency scale, the
necessary to elucidate the properties of each phase, as well @fipe anomaly takes place at a lower temperature. Further-
the nature of transitions and crossovers between adjacefiore, the glassy freezing of the stripes does not show typical
phases. signatures of the phase transitions observed by NMR, such
A relatively new addition to the already complex elec- as a divergence of NMR spin-lattice and spin-spin relaxation
tronic phase diagram of high: cuprates is the so-called rates 1T, and 1T, at the onset of freezing. That explains
stripe phasenear the magic hole concentratiar 3. It has why earlier NMR studies of underdoped high-cuprates
been demonstrated by elastic neutron scattering experimentarried out before the discovery of stripes by Tranquada
on Nd-codoped La ,Sr,CuQ, by Tranquadaet al. that et al. by neutron scattering failed to capture the various sig-
doped holes microscopically phase segregate into hole riversatures of stripe instabilities in a convincing manner, even
forming a charge density wa€DW).? The hole rivers be- though there are some results that seem, retrospectively, con-
come antiphase boundaries between hole-poor segments sistent with stripe anomali€d-*°
which Cu spins form a short-range spin density wésBW) Very recently, we demonstrated that the slowing of stripes
order. Recent measurements based on neutron scatteting,in La,_,SrCuO, with and without Nd or Eu rare-earth
nuclear quadrupole resonand®lQR),'1°-* electron spin codoping and in Lag;Bay1,{CuQ, can be easily captured
resonance (ESR,*®'® x-ray scattering/*® charge by measuring the anomalous reducti@e., wipeouj of the
transport:®=?* photoemission spectroscofy?® and muon  %3Cu NQR intensity%**
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In our earlier publication&®!! we left some important a diagram of temperature versus stripe fluctuation frequency
issues unexplored. First, if stripes keep slowing down withfor various hole concentrations.
decreasing temperature, what kind of spin and charge density
modulation does the stripe phase exhibit in the ground state Il. EXPERIMENT
at NMR and NQR time scal@sSecond, what is the spatial ) )
distribution of the stripe fluctuation frequency? Third, how All Of the single-phase and polycrystalline samples of
does the hole concentration affect the slowing of stripes? "lraz,x,y(l_zu,Nd)y(Ba,_Sr)<CuO4_used in this study were pre-
order to address these issues, we now report a more detailQ&red using conventional solid-state procedures. We mixed

63 13 predried LaO; (99.99%, EwO; (99.99%, Nd,Os
Cu and ™. NQR study of Lag7a 1,4u0; and (Nd, (99.99%, BaCO; (99.95%, SrCQ, (99.99%, and CuO
Eu) codoped La_,Sr,CuQ, near the magic hole concentra-

. 1 (99.995% with correct nominal compositions, and ground
tion x=3 %2‘”" o 3?39 mK. In Sec. ll, we report Zeeman- by hand with an agate mortar and pestle until an intimate
preturbed ®*Cu and **1a NQR line shapes including de- i re is obtained. To make complicated line shape analysis
tailed numerical zlmu_lanons. Ou_r preliminary line Shapefeasible, some samples were enriched with eitfigu or
measurements of Cu-isotope-enriched samples conductedssc, jsotopes. This first grinding usually consumed 40—60
for our earlier publicatiolf did not reve.al any notlgeable min for the 1-4 g of powder that we prepare. A prereaction
structures down to 1.7 K other than a single peak, in agregyas carried out for 20 h in a box furnace at 850 °C followed
ment Wlth an 'earller flndlng by Toweet al. reported for a by repeated regrindings and sinterir{gso 20 hat tempera-
638%Cu mixed-isotope sampfé. This made us suspect that tures between 950 and 1000°C. Finally the samples were
stripes are still fluctuating quickly enough relative to NQR pelletized and high-temperature annealed in flowingg@s

time scales tanotionally narrov****the line shapes at 1.7 K. at 1100—-1150°C for 24—48 h before a slow and controlled
Accordingly, we developed a top-loadingde NMR system  cooling cycle that includes low-temperature annealing at
to conduct NQR line shape measurements in a broad freB00 °C(24 h) and 500 °Q24 h). By using a large number of
guency range down to 350 mK in the hope that any stripggrindings (typically 5—8, we acheived homogenous, high-
excitations with energ\AE/kg~1 K or higher would be quality polycrystalline samples. The powder x-ray spectra
suppressed. However, our results at 350 mK demonstrate thegvealed that all samples were single phased. The measured
a periodic spatial modulation of spin and charge densitylattice parameters showed systematic variation through the
hardly exists at NQR time scales even at 350 mK. This is irsample families as a function of hole concentration, reveal-
remarkable contrast with elastic neutron, x-ray, aaiR  ing the room-temperature orthorhombic-to-tetragonal struc-
measurements that sucessfully detect short-range spin amaral transition, and were well within the range of previously
charge ordent time scales that are three to seven orders ofpublished dat&® To further characterize the prepared
magnitude faster than NQR measureme@tsr NQR results samples, magnetization measurements were performed with
suggest that the short-range stripe order is highly disorderea superconducting quantum interference devi§QUID)

or that extremely slow dynamic fluctuations persist even atmagnetometer at a field of 10 Oe. All superconducting
350 mK or probably both. In Sec. IV, we analyze the distri-samples showed a clear diamagnetic response,Tarahd
bution of ¥ a nuclear relaxationt**1/T; and demonstrate the volume fraction were consistent with previous
that below charge ordering, glassy slowing of the Cu spinsneasurementt. Nonsuperconducting samples showed no
fluctuations sets in and results in a large spatial distributiotMeissner shielding down to 5 K.

of 3%1/T,. We also analyze the wipeout 8fCu and*%a. All nuclear resonance data were taken with a homemade,
We employ the renormalized classical scaling in the nonlinphase-coherent pulsed NMR spectrometer using the standard
earo model to fit the entire set of existing data with a small 7/2-7-7r pulse sequence with a typical pulse separation time
spin stiffness (arpg”szoo K) which is reduced due to 7=12 us. For measurements at and above 1.7 K we used a
slowed charge dynamics. This analysis accounts for the tenfommercial cryostat and measured temperature with cali-
perature dependences of not only fi€u NQR wipeout, but  brated Cernox and carbon-glass resistors. In order to conduct
also the %1.a NQR wipeout, the order parameter of spin Zeeman-perturbed NQR measurements in zero applied field
stripes measured by elastic neutron scattering, g8k  down to 350 mK, we developed a top-loading NMR system
asymmetry, and the recovery of bofAiCu and*3%.a NQR  utilizing a commercial single-shotHe refrigerator. In those
intensity, all within a single framework. From the analysis, cases, temperature was measured via a calibrated ruthenium
we estimate the spatial distribution of stripe fluctuations as &xide temperature sensor.

function of temperature. We find that beloW,.qe the

glassy slowing down of stripes results in three orders of Ill. ZEEMAN-PERTURBED NQR LINE SHAPE

magnitude distribution in fluctuation frequencies in agree-
ment with our analysis of3°1/T,. This is in contrast to the
well-known neutron results in the normal metallic state of In the Neel-ordered state of the undoped parent com-
La,_,Sr,CuQ,, where the spin fluctuation energy schleis  pounds of highf. cuprates, Zeeman perturbed NQR has
well defined by a single value on the orderlgfT and that been sucessfully utilized to measure the sublattice magneti-
hI" varies roughly in proportion t@ as originally discovered zation(S;) and its temperature dependence. In antiferromag-
by Keimeret al*® (called w/T scalind®**or quantum criti-  nets below the Nel temperaturély, the nuclear resonance
cal behaviof®). In Sec. V, we extend the analysis to deducefrequencyf; of theith site depends ofH;), the static com-

A. Principles of Zeeman-perturbed NQR
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12 J accordance with previous results of muon spin precession
=2 measurements, which indicate a moment-df.58u5 .°" Ad-
= oo} PpucNQR : ditionally, the frequency splitting between two satellite tran-
3 g . e sitions |1,=+3)«|+3) and|—3)«|—3) provides infor-
2, Lo i mation regarding the nuclear quadrupole interaction tensor,
& 60 ’."' ’x' which reflects the second derivative of the electrostatic Cou-
8 a0l 2 zero field NMR lomb potential at the Cu sité4:*? The splitting data may be
g in LaxCuOq used, in principle, to obtain information regarding the charge
2 20 51
s state of the observed nucféi’

0¢ 5 " ; 3 To If w.eII—defined.static charge and magnef[ic order exist in

Hyperfine Field [T] the striped materials, we would expect similar, highly struc-

tured resonance line shapes arising from each unique Cu site,
FIG. 1. Plot of $3Cu NQR (=2) transition frequencies as a from which we could gain insight into the spin state from the
function of hyperfine field in thab plane with an axially symmet- Measured hyperfine magnetic figi] and the charge state
ric quadrupole tensorh=34.5 MHz. This chart is applicable for from the nuclear quadrupole interaction tensgr. Contrary
the case of®Cu resonance in La;Ba, 1,<CuQ,. The dashed lines to these expectations, we observed no evidence for well-
mark transitions that occur with very low probability. The intersectsdefined periodic spin and charge density modulations even at
of three solid curves and the dotted vertical lineHat8.2 T cor- 350 mK, as will be described in the following sections.
respond to three zero-field Cu NMR lines observed forQuO, by
Tsudaet al. (Ref. 50 (to be rigorous,v(°3=31.9 MHz at 1.3 K in B. 83Cu NQR and NMR spectra in La, g7dBag 156CU0,
La,CuQy). ' ‘
In 1991, magnetic order was discovered im-a: doped
ponent of hyperfine magnetic field at that site. Typically, sample of La_,Ba,Cu0, using uSR by Lukeet al?” The
(H;) originates from the hyperfine couplingj’ with the or-  npext year, Touet al. reported anomalous broadening of the
dered magnetic momex§,) at the same site and from the |ow-temperature 536%Cu NQR spectra, consistent with
transferred hyperfine coupling’ with the ordered magnetic Zeeman-perturbed NQR. Here we provide a comprehen-
moment(S;) at the nearest-neighbor sites. Since the hypersjye understanding of the low-temperature Cu resonance line
fine coupling constants can be determined based on NMRhape in light of the progress that has been made in the field
measurements in the paramagnetic state aiqueone can  of stripe physics. As demonstrated earlier by Hentl°
utilize the nuclear resonance frequenfiyto measure the and Singeret al,'* most of the NQR response of Ba-, Nd-,
hyperfine magnetic fieldH;) and, hence, the sublattice mag- and Eu-doped materials is semiquantitatively identicalxfor
netization(S;).***° This technique has been employed suc-~1. In the following, we focus our discussion of the NQR
cessfully in t_he Nel state ofo_ssesveral undoped parent com-jine shapes on the L,a,Bag 1,:CUO, sample. The Nd-doped
pounds of hight, cuprates®™> In the case of undoped materials are ill suited for Zeeman-perturbed NQR measure-
La,Cu0, (Ty=325 K), Tsudzet al™ find three peaks cor- ments at low temperatures due to the largé Ntbcal mo-
responding to the transitiond,=+3)—|+3), |+3)—|  ments that make the relaxation rates too fast, and the Eu-
—3), and|—3)«<|—3) for each of the®Cu and®*Cu iso-  doped samples show extra NQR peaks as discussed in Sec.
topes(both have nuclear spin=2). DefiningA,=A" asthe ||| E
x component of the on-site hyperfine coupling constant and  Selected®®*Cu NQR line shapes fot*Cu-isotope-enriched
B=A" as the isotropic supertransferred hyperfine coupling a, 5,8Ba, ;,:CuO, are shown in Fig. 2. At high temperatures
constant from the four nearest-neighbor Cu sifethie hy-  we observe the well-knowA andB NQR lines.® The rela-
perfine magnetic field at the nuclear sitean be written as  tive intensity of theB line is the same as the doped concen-
tration x of the impurity ions BA" and Sf*, over a broad
(H)=A(S)+B > (S), (1) ~ concentration range 0.62«=0.30>"* Furthermore, theB
jenn line is known to be observable even at elevated temperatures
\WasS high as 800 0 Accordingly, it is unlikely that theB line

where the sum is taken over the four nearest nglghl_)or_s. originates from electronic effects such as phase separation or
also use the fact that the ordered Cu moments lie within the, : . . : .

55 . . Stripes. The most likely scenario is that tBdéine arises from
ab plane>™ For the present case of a two-dimensional

square-lattice _antiferromagnetS)=—(S) for nearest Cu sites directly across the apical O from the doped Ba po-
at . : gnet S . J sition and the lattice contribution to the electric field gradient
neighborsi andj. Then Eq.(1) simplifies to

is different due to the presence of a®Baion rather than

(H)=(A,—4B)(S). ) La3*. Needless to say, t_h_is line assign_ment of Biee does

not exclude the possibility that thB site has a somewhat

From the analysis of the three transitions®€u zero-field  different local electronic state as compared to the surround-
NMR (see Fig. 1, Tsudaet al. find the internal field at the ing A sites. In fact,®*1/T, is known to be somewhat smaller
Cu nucleus to béH;)=8.2 T in LaCuQ,. *° On the other for the B site as shown by Yoshimuret al®® In Fig. 7 we
hand, the hyperfine coupling constants are known tdApe also show that Eu codoping results in a new structure at the
=38 kOejug andB=42 kOejug.*®**Together, these val- low-frequency side of the A line. We attribute this structure
ues imply an effective moment fS;)| =|(S;)|~0.63ug, in  to the Cu site sitting across the apical O from thé Eions.
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A"ﬁ& e FIG. 3. Integrated®®Cu NQR intensity above 25 MHz for

v
Lay g7Bap.124CUO, (), Lay 6dEUo 20500.1LCUO, (A), and
Lay 4gNdg 40515.1,CUO, (@) scaled for the Boltzmann factor aid

45K spin-echo decay. In addition, we plot the charge order parameter
el (O) deduced from neutron scattering on the Nd-codoped material
(Ref. 2. Within the broadened hyperfine field model in Fidf)5
the maximum recovery of signal above 25 MHz is expected to be
61%, as indicated by the arrow.

Echo Intensity [Arb. Uints]

35K

gation of the SDW state in electron-doped NdCeg,CuQ,
by Kambeet al®! Between room temperature and 70 K the
1.7K (x20) lines retain constant intensity, as expected, because the num-
- ber of 3Cu nuclear spins detected by NQR measurements is
unchanged. The peak frequengy(A) displays only a small
temperature dependence dowmg .4~ 70 K as shownin
. Fig. 4. The weak temperature dependence(fA) down to

0 30 40 50 60 70 80 70 K can be accounted for entirely based on a slight tilting of
CuGQ; octahedrd! However, as the temperature is decreased
below 70 K, the temperature dependence of bgjfA) and

FIG. 2. ®Cu NQR line shapes of #°Cu-isotope-enriched ¥q(B) changes, and bothA andB lines display an identical
Lay 5783 124CUO, sample at selected temperatures, including puredrop in intensity and both nearly disappear by 18'Rhis
NQR from 290 K down to 70 K, partially “wiped-out” NQR at 55 drop in signal intensity is “wipeout.” As previously noted by
K, 45 K, and 35 K, and Zeeman-perturbed NQR at 1.7 K and 3505ingeret al, the estimation of the NOQR intensity close to the
mK. ®3Cu resonance continues below25 MHz in the Zeeman- onset of wipeout is made more difficult due to the change in
pertubed case, but is obscured by th8.a NQR |[I,=* Z)«| the form of the spin-echo decay. Given the uncertainties in
+ 2) transition peaked near 18 MHz which is more than an order ofiitting the spin-echo decay, it is impossible to defifgor
magnitude stronger in intensityot shown. Note the scale multi-  with an accuracy exceeding 10% * Within these uncer-
pliers when comparing magnitudes. The solid curves are guides faainties, the onset of wipeouﬂ,'NQR, is indistinguishable

the eye. The 1.7 K and 350 mK curves are identical except fofrom Tchargefor X%%. The wipeout and subsequent recovery
overall magnitude.

350mK (x20)

Frequency [MHz]

42

The temperature dependence of the integr&f@li NQR [ M e e e e e o0
intensity is presented in Fig. 3. Since the occupation prob- 40: Vo(B) ]
ability of nuclear spin levels is determined by the Boltzmann 38}
factor, the bare NQR intensity is inversely proportional to st

temperaturel. Accordingly, we multiply the bare NQR in-
tensity by T to correct for the Boltzmann factor. We also
calibrate the intensity of the observable NQR signal by ex-

Foo, A ]
34f QQZA:OO OVQ( (g o} o 0]

32

Frequency [MHz]

trapolating the observed spin-echo decay te=®. The ﬁegiﬂ‘ﬁﬁeﬁeﬁﬁﬁn

NQR intensity thus deduced corresponds to the number of 30 - - ]

nuclear spins whose resonance conditions are well defined 0 100 200 300
Temperature [K]

and whose relaxation timéST, and %°T, are long enough to
be Observed eXperimenta”y W|th|n the t|me domain Of pulsed FIG. 4. The quadrup0|e resonance frequeﬁ%yo observed at
NQR measurementsyor~20 usec. The missing signal in- fixed pulse separation time=12 usec for theA line (O) and B
tensity arises because at least one of these conditions is vifne (®) of a ®3Cu-isotope-enriched sample of LgBag 1,:CUO;,
lated for the lost signdf** We note that these are standard as well as the peak frequency of the low-temperauture, Zeeman-
procedures that have also been applied to the NMR investperturbed NQR spectra/y).
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Hyperfine field Simulated of a large tail towards higher frequencies. Note that the spec-
distribution Cu lineshape tra at 1.7 K and 350 mK are of identical shape and differ
only in magnitude. In fact, the curves through those data sets
in Fig. 2 are identical except for vertical scaling. Based on
(@) oft ¥ tofi t Hlo A the analysis presented in the following two sections, we

N\
2 4

Model

demonstrate that these changes are consistent with a broad
20 40 60 80 100 distribution in the hyperfine magnetic fieidH;) averaged
over NQR time scales.

[=,l
(=

cite centered

b) e_;_l_l;_e_t_]_,_& j\ C. Numerical simulations in standard stripe models

At the time of the discovery of stripes in Nd-doped
20 40 60 30 100 Lay 4dNdg 4051 1,CUO, by neutron scattering, Tranquada

et al. proposed a simple model valid at the short time scale
bond centered /\J‘/\N\/\ of neutron scatteringl meV~2.4x 10'* Hz, corresponding

[
)
(=)
=

(© A B B v o to 4 pseg which consists of sets of three magnetic rofas
“stripe” ) separated by a charge-rich river which serves as an

T

p

0 3 3 6 0 20 40 60 80 100 antiphase boundary for the antiferromagnetic order. This sce-
nario is shown in Fig. &). If the descriptions of the spin and
incommensurate charge density modulation based on this model and similar
(d e models as shown in Figs.(lB—5(e) (which are consistent
Rl with the neutron dajaare valid for the entire sample at the
B 5 7} I R R T much_ slower NQR timg scale 620 usec, we would ex- _
pect inequivalent Cu sites. In the case of the model of Fig.
_grid model 5(a), we expect there to be three inequivalent Cu positions:
© (il\’tve()C(?iIl};eCIgglllg one site in the_middle of the_ magnetic regipn, one at the
s edge, and one in the charge-rich river. As a first approxima-
- L AA tion, we expect the two magnetic sites at the center and edge
2 4 6 0 20 40 60 80 100

of the stripe to yield three NMR lines each, while the non-
magnetic boundary site should produce a single NQR line.
Thus, we might expect a total of at least seven resonance
lines. These lines are not identifiable in the data.

Given that the 350 mK line shape shown in Fig. 2 is
2 4 6 0 20 40 60 80 100 lacking the expected structure, we turn to numerical simula-
Hyperfine Field [T]  Frequency [MHz] tions by solving the Hamiltonian exactly. Usingas the
nuclear spin,n as the asymmetry parameter of the electric

! . . 3
FIG. 5. Numerical simulations of th&Cu spectra based on field gradient(EFG), v, as the gyromagnetic ratidy as

several microscopic stripe models. The first column gives a SChePIaan’s constant. andll as the static hvoerfine maanetic
matic diagram of the orientation and magnitude of the Cu magnetiiield the Hamilton'ian can be written %ézyp 9

moments along the Cu-O bond direction. Arrows and open circle
represent ordered Cu moments and a hole-rich antiphase boundary h 1 1

without an ordered moment, respectively. The middle column dis- /- L[ 12— Z1(1+21)+ = (12 +12) } — y,hH-l
plays the expected distribution of the hyperfine magnetic field at the 2 [ 3 67 " " ’

Cu sites. The right column contains the corresponding simulated ©)

line shape(a)—(c) represent several commensurate stripe models, ..
pe(a—(c) rep : ) : Pe MOUeISivhere the®*Cu nuclear spin i$=3 and the quadrupole reso-
and an incommensurate spin density wave is presente@)in

Model (e) is a two-dimensional sinusoidal grid structure in the nanc.:e frequencﬁ%Q, Is related tggthe electron chargethe
CuG, plane and(f) depicts a simple, broad distribution of the hy- r6naX|mum of the EF(, and the™Cu quadrupole moment
perfine field that provides a good fit to the 350-mK 3Q by
La; g7Bay.124CUQ, data, which is included as open circles.

broad hyperfine
® field distrlibution

of the intensit i i il %y :ﬂssq (4)

y below 15 K will be analyzed in detail in Sec. QT 2nI(1+1)
IV. As the temperature is decreased below 8 K, the resonant
signal begins to reemerge. This new line is shown in thé3ecause of local axial symmetry of the Cu sites, the electric
bottom panel of Fig. 2. We note that the character of the lindield gradient is nearly axially symmetric in both undoped
is entirely altered. The peak has shifted down in frequency@nd hole-doped CuQplanes. Additionally, as originally
from 35.5 MHz to 31 MHz. Additionally, the full width at shown by Ohsuget al3*“°the *_La NQR line broadening
half maximum (FWHM), which slowly increases with de- takes place only for the= 3)«| = 3) transition in the low-
creasing temperature from 2.0 MHz at 300 K to 2.6 MHz attemperature striped pha&sso see Sec. Il & This indicates
70 K to 3.2 MHz at 15 K, shows sudden and dramatic broadthat the internal field lies primarily in the Cy(lane forx
ening to more than 12 MHz at 350 mK with the emergence~ .53 Under these conditions, the Hamiltonian from Eq.
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(3) is greatly simplified and can be written in matrix sities are weighted by the square of the resonant frequency to
form, where we chose the basis to be the eigentates of theccount for experimental sensitivity.

operatorl ,: The next step is to estimate the distribution of the hyper-
) _ fine magnetic field in various stripe models. First we
—6y,H—-rq 0 \/§VQ 0 examine the aforementioned model that was initially pro-
4 4 posed by Tranquadat al,? which is shown schematically
2y Htv \/§v on the left side of Fig. &). The Cu site in the middle of the
0 S Q magnetic “stripe” is locally in the same environment as in
4 4 the antiferromagnetic N# state, so we expect the field at the
H=h \/§VQ 2y,H+vg nucleus to beH°®"e'=| A — 4B|u.¢; with an effective mag-
2 —a netic moment ofuq = 0.3ug .2 >3 nserting this value and
the hyperfine coupling constants discussed above in Sec.
0 V3rg 6ynH—vg 1A, we estimate H®"®=130 kOefX0.3ug=3.9 T.
4 4 For the Cu site at the edge of the stripe, there are only three

- ®) magnetic nearest-neighbor sites that give rise to supertrans-
ferred hyperfine fields, so the expected fieldHig9%=|A,
Between the four eigenstates of the Hamiltonian, there are-3B|u.;=2.6 T. The last Cu site is within the antiphase
six possible transitions corresponding to six resonant frepoundary, where we expect oppositely oriented magnetic
quencies as shown in Fig. 1. Some of these transitions argontributions from two nearest neighbors which cancel,
nearly forbidden by théAm|=1 selection rule and exist yie|ding HP°UNdav=0. We plot these values oFicenter
only due to the unusual mixing of states that occurs in thq_|edge’ and HPoUNdaryin the distribution of the internal field
low- and intermediate-field regions whefgH=<vq. Thus
we must consider the probability for each transition to occur
Following Muha® we treat the small experimentally in-
duced fieldH; (~100 G) as a perturbation and use the the

) . " the figure, where foH >0 the widths are proportional to the
standard time-dependent expression for the transition rate be- . . .
. yperfine fieldH as would be expected for magnetic broad-
tween two states andn’:

ening. The numerically computet¥Cu line shape is shown

at the right of Fig. 5a). Agreement between the data and the
simulated line shape is poor. Specifically, all of the structures
Since we are working on polycrystalline samples where theyre too sharp, and even the largest peak is located at
direction ofH, with respect to the crystal axis is random, we —37 MHz, above the 31-MHz peak seen in the data.
perform a powder average to obtain the probability for each | addition to the original model proposed by Tranquada
transition. These probabilities correspond to the expected ins¢ al, we examine site-centered and bond-centered commen-

tensity for each resonance line in Fig. 1. Full line shapeg ate sinusoidal spin density waves and an incommensurate
simulations are computed numerically by summing contribu;, \soidal spin density wave, as well as a grid mdge-

tions froml dIfStI’IbutIOI‘]S |r; br?th tne hyperflng field an<|j In th(.acentered sinusoidal spin density wave in two directjcas
q_uadrqu%e requency. If the charge dens_lty modu atlon_ S hown in Figs. H)—5(€). In each casau.; = 0.3ug repre-
sizable, "vq may vary depending on the site, and the axial ents the magnitude of the maximum moment. For each
symmetry of the EFG tensor can break down. However, the g o
structureless broad resonance line observedwb8IK sug- model, we follow the same procedure as outlined above to
gests that the spatial modulation of spin and charge is smoo@f A i , ,
at the NQR time scaleyor~ 10°5 sec. Hence we believe U line shape. In each of the simulated line shapes there is
that approximating the quadrupole tensor as axially symmef0 much structure for a good match to the smooth data.

ric is acceptable in our simulations. Extrapolating from ob- Even though agreement between the experimental spectra
63,,Q(A):34_5 MHz for the A site and 63,,Q(B) that, in Figs. &d) and Fe), there is substantial simulated
=41.8 MHz for theB site. Note that, although the apparent Signal at an experimental peak frequency of 31 MHz. These
peak frequency of tha line increases somewhat below 70 K contributions do not arise from the details of the hyperfine
as shown in Fig. 4%%4(A)=35.5 MHz at 10 K is achieved field distribution, but rather from the nature of the transition
only for several percent of the sample. It is not initially clear energy levels themselves. If we look back at Fig. 1, we note
what distribution of quadrupole frequencies to employ at lowthe two transitions that start a,=34.5 MHz and move to
temperatures, where we expect charge order to induce dawer frequencies with increasing field. These lines achieve a
added width. In this section, we take both the@ndB lines  broad minimum at 31 MHz. Because of the high density of
to be Gaussians, each with a width of 5.6 Mzl width at ~ states that corresponds to resonant frequencies near 31 MHz,
half maximum), corresponding to twice the value extrapo- any continuous distributiorof internal fields that includes
lated from theA line data above 70 K. We discuss the effectscontributions in the broad window from 0.5 T to 2.5 T will

of differing amounts of quadrupole broadening in Sec. Il E.give rise to a line shape with a 31-MHz peak. With this in
To allow direct comparisons to the data, the simulated intenmind we examine broad distributions of the hyperfine field,

at the top center of Fig. 5, where the vertical scale is deter-
mined by the relative numbers of each Cu site, which is the
integral of each peak. The widths are chosen as depicted in

Pn,n’:|<n,||'Hl|n>|2- (6)
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and by trial and error we achieve a good fit to experimental
data as shown in Fig.(5. In Sec. lll E we will return to the
issue of the low-temperature line shape to understand the
magnetic state of the Cu-O plane at the slow time scales o
our pulsed NQR experiments.

0 01 02 03 04 05

D. Recovered®Cu NQR intensity at 350 mK O

So far we have considered only the line shape. Another @
important point that needs to be addressed is the integrate
NQR intensity at 350 mK. An accurate measurement of the 4
recovered integrated NQR intensity bel@ K is noteasy. ¢ 610503 0405 0 1T 23 33 0~ 3 6 3510
The ®3Cu NQR line shape measurements above 10 K can beMoment (S) [uB] Hyperfine Field [T] Frequency [MHz]
performed in one single scan over frequency without chang-
ing the experimental setup, but the Zeeman-perturbed NQR FIG. 6. Models of incommensurate spin density waves based on
line shape is so broad that we need to replace the rf coil of distribution_of th_e maximal moment in different segments of the
the tuned.C circuit in our NMR probe 3 or 4 times to cover s_am_ple _as given in the Ieftmos_t co_lumn. Correspondlng tq these
the entire frequency range from 20 to 90 MHz. This en_dI.Stl’IbutlonS we plot the hyperflne fle|.d at the nuclear S.Ile in the
hances the uncertainties in our estimate of the integrated irfniddle column and the simulatetfCu line shape at the right. In-
tensity, and this is the primary reason why we have Iargémdels(a)_(‘.:) an.d(e) we assume a quadrupole width of 5.6 MHz;

) . . - In (d) that width is taken to be 7.5 MHz and i) 3.7 MHz. The
error bars for the integrated intensity bel8 K in Fig. 3. In 350-mK spectra data are shown as open circles
addition, the line shape below 25 MHz is superposed by an '
order-of-magnitude stronger*®L.a NQR line centered at 18 in the region below 2 T. Motivated by the success of the fit
MHz. This does not allow us to measure tf€u Zeeman-  for the broad distribution of hyperfine fields, we return our
perturbed NQR intensity below 25 MHz. Above 70 K, earlier attention to the stripe models of Figgab-5(e) to examine
high-field measurements for an aligned powder sample guathe possibility that the internal hyperfine field corresponding
antee that there is no NQR line below 25 MBAwithin the  to the stripe models may be broadened, either by disorder
large uncertainties, the recovered signal intensity integratedithin the sample or by motional averaging effects, in such a
above 25 MHz represents onIyng % of the value above manner as to be consistent with tA%&u NQR spectra.
70 K. However, it is important to notice that for hyperfine  In Fig. 6 we develop the hyperfine field distribution ex-
fields ranging up to~4 T, there are two branches of pected from an incommensurate spin density wave, favored
Zeeman-perturbed NQR transitions below 25 MHz in Fig. 1.by a recentuSR study’ including varying amounts of
Within our model the calculations of Fig.(f5 which cor-  broadening, and calculate the corresponding simul&t€d
rectly reproduce the line shape, we can estimate the fractioline shape. We take the magnitude of the maximum spin in
of integrated NQR intensity expected to appear below 2Sifferent regions of the sample to K&), which may be
MHz, which is 39%. It should be emphasized that the echalistributed due to static inhomogenieties. We numerically
intensity for the simulated line shape plotted in Figf)3s  simulate the hyperfine field based on a row of 10000 elec-
scaled by multiplying by the square of the frequency to takeron spins of magnitudés, ) =(S)sin 2=n/(8+ 8)] with | 4|
into account the experimental sensitivity. Accordingly, the<1,5+0, taken to be aligned along tleaxis and labeled by
apparent integrated intensity below 25 MHz incorrectly ap-positionn. The spatial periodicity is that expected from neu-
pears to be a tiny fraction of the whole line shape. In othettron data The internal field at each site is computed with the
words, the maximum integrated intensity expected to reemuse of Eq.(1), giving (H,)=A(S,)—2B(—S,) —B(S,:+1)
merge above 25 MHz is 61% of that at 70 K, as shown by a-B(S,_,), where we assume Meorder in they direction
horizontal arrow in Fig. 3. This means that the experimen-and use the values @, andB as given above. Distributions
tally observed intensity at 350 mK is effectively 82 % of arising from different segments of the sampiifferent (S)
that at 70 K, accounting for nearly the full intensity from the valueg are combined as per the distribution(i8). In Figs.
sample. This rules out the possibility that the descrepancg(a)—6(c) we show three simulations based on distributions
between the experimentally observed Zeeman-perturbeith the magnetic moment that are centered aju@.3With
NQR line shape and theoretical calculations based on strip@creasing width in(S), both the hyperfine distributions and
models originates from a missing intensity. the simulated line shapes become more smooth. However,
the smoothed line shapes are shifted to too high a frequency
to match the experimental data. Thus we rule out the possi-
bility of a staticincommensurate spin density waseNQR
time scaleswith maximum magnetic moment of Q.3,

The good agreement between the data at 350 mK and theven with possible broadening of the value of the moment.
simulated line shape and its integrated intensity based on the Next we consider the possibilities of a smaller average-
broad distribution of Fig. &) indicates that the hyperfine ordered moment and of a different amount of quadrupolar
field averaged over NMR time scales and over the entirdbroadening. The simulations of Figs(dp-6(f) represent
sample should extend up to about 3 T with substantial weighgood fits to the data based on average-ordered moments of

E. Numerical simulations based on stripe models including
broadening and motional narrowing
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0.10Qug, 0.15ug, and 0.2Qug paired with quadrupole widths

of 7.5, 5.6, and 3.7 MHz, respectively. Without this extra

guadrupole broadening the contributions of fandB lines B

give rise to distinct peaks in the simulated line shape, in § £ ¥
contradiction with our experimental findings. In the homog- = 30" 35 .40
enously doped Cuplanes of La_,Ba,Cu0, with x=} the E ; Frequency [MHz])
doping dependence ofy(A) is known> If we imagine the S | e v 151Eu NQR
system to consist of many patches, each of which being ho- e
mogenously doped, the extra width iny(A) beyond the . . Aﬁjfﬁ*f*"* Do, ,
extrapolated value fromi>Tpaqe (2.8 MH2) would corre- 20 40 60 rY))
spond to distributions ix of approximate widthAx~0.30, Frequency [MHz]

0.18, and 0.06, respectively. There is a trade-off between the

broadening caused by the magnetic effects and that caused FIG. 7. Resonance spectra at 1.7 K with a pulse separation time
by inherent distribution of the quadrupole resonance. Howof 7=12 usec for single isotope-enriched samples of
ever, the simulated line shape of FigeBbest fits the data, Lai s «Elp20SKCUO, [*Cu, x=0.12 (O); *Cu, x=0.12 (®);
indicating that within that incommensurate spin density wave>Cu, x=0.16 (x)]. Data taken with longer=100 usec on
model a distribution of Sy centered at 0.1, coupled with  the ®Cu-enriched sample is marked By. The solid curves repre-
moderate quadrupolar broadening corresponding Ato ~ Sent numerical simulations of the=0.12 data as described in the
~0.18 provides the best fit to the data, although there is ext, while the dotted curve is a guide for_the eye. Inset: 100-K line
range of parameterg $) and quadrupole widjhthat provide shapes for thé*Cu-enriched samples using the same symbols as

. " o above. In the inset the solid curves represent the sum of three Gaus-
a reasonable fit to the data, as indicated in Figs) and &f). ians representing th&, B, and C peaks, which are individually

8f Cfal:rrlseer’ ttfrl]:!lsn nf;?gﬁ)';?‘??g;ﬁ(iﬁ;eﬁs gghvsmgk?erzlor? doﬁepicted by dashed curves for the=0.12 sample. For both cases
9 t It i g h P likel t[I: to i the intensity ratioA:B:C is consistent with the expected form 0.8
sents an alternative, and pernaps more lik€ly, path 10 In=_,...q 5 from cu sites away from all dopants, closest to the Sr

creased width ivg. _ _ _ ions and next to the Eu dopants, respectively.
How can we reconcile this result with the conclusion of

Kojima et al®! based on theipSR data? Kojimaet al. ob-  as very slow fluctuations exist in the hyperfine field, the Lar-
served a well-defined precession of positive muons consignor precession itself is not well defined. Accordingly we
tent with an incommensurate spin density wave with a well-expect that our Zeeman-perturbed NQR spectra is extremely
defined maximum ordered moment of 3.3 If we recall ~ sensitive to very slow fluctuations of the hyperfine field. It is
that muon spin precession persists for only about @gec,  worth noting that our case resembles the motional narrowing
while the NQR spectrum is obtained by spin-echo measuresonsidered by Kubo and Toyabe for zero or small field
ments that detect a hyperfine field averaged over2@c, resonanc® that has been applied to the analysigs8R data
one possible explanation is that the relatively large and wellin glassy system®

defined moment of 085 observed byuSR measure- Although we have focused on the incommensurate spin
ment$”2°3Ljs still slowly fluctuating during the duration of density wave model here, the possibilities of static broaden-
a Zeeman-perturbed NQR measurent. Since the hyperfirieg and motional averaging can be applied to all of the mod-
field is a vector quantity, the averaging process will alwaysels presented in Fig. 5. In each case the sharp structures can
reduce the apparent, averaged field. Thus, the effect of mdxe smoothed out by inhomogeneities within the sample or by
tional averaging will be to pull all instantaneous values ofmotional effects, and the hyperfine field distributions can be
the hyperfine field towards zero, reducing the effective val-made to be similar to that of Fig.( and, hence, with the
ues. This may be the key to resolving the apparant discregexperimental data. Thus, we cannot exclude any of the stripe
ancy between our NQR findings and th&R measurements. models in Fig. 5 based on our simulations.

We recall that resistivity never diverges in the stripe

phasé?2 and hence we believe that mobile holes disrupt F. **Cu and *Cu resonance spectra in L ggEUo 20570.12CUO

spin order. We note that the motional averaging scenario is and Lay g4 U 20570.16CUO,

supported by the large value 61°L/T,T at 350 mK(see Fig.

17), which indicates that low-frequency spin fluctuations per- In Fig. 7 we show the Zeeman-perturbed NQR spectum
sist even at our experimental base temperature. We also nofer two samples of LagdEUy 205l 12CUQ,, one enriched with
that the motional averaging effects in the present case dhe ®Cu isotope and the other witA°Cu. The peak fre-
Zeeman-perturbed NQR are somewhat different from thejuency of the major peak is 340.75 MHz for the
textbook casé$“?of motional narrowingandexchange nar-  ®3Cu-enriched sample and 3D.75 MHz for the sample en-
rowing. In those cases, one applies a strong and static exteriched with ®°Cu. The peak frequency of tféCu sample is

nal magnetic field to observe NMR signals. The applied field3+1.5 MHz higher than the 31 MHz observed fiCu in
defines the Larmor precession frequency of nuclear sping,a; g788, 1.CuUQ,. The shift of the Zeeman-perturbed NQR
and the dipole line brodening is only a small perturbation. Inpeak between these two materials arises primarily from the
the present case, however, the fluctuating hyperfine fieldifference in the intrinsic quadrupole frequencies, which is
caused by freezing Cu moments is comparable to or eveR.0 MHz at 70 K. Additionally, the greater proximity of tt&e
greater than the unperturbed NQR frequency. Thus, as lonkne in the Eu-codoped materiédee the inset of Fig.)ton-
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tributes to a higher peak frequency in the Zeeman-perturbeda, (Fu, ,Sr 1LCUQ, at 1.7 K. There are a few possible
spectra, whereas the greater separation of Bhéne in  explanations for the difference in hyperfine field. First, since
Lay g7a.124CUQ, results in an increased width. stripes are less stable at hole concentratiosg 1132839
The only extra feature visible in these line shapes for thehere may be additional fluctuations for those concentrations
Eu-doped materials as compared with those ofthat may motionally narrow the main peak. This picture is
Lay g74Bap 124CUO, (recall Fig. 2 is the peak at 62 MHz. We  consistent with the fact that at 1.7 K, a smaller fraction of the
also observed extremely weak signals that continue above 8 signal intensity reemerges as Zeeman-perturbed NQR in
MHz. We believe that these signals arise from NQR of thethe samples away from~ .13 Second, it is possible that the
Eu nuclei themselves. We note that the peak at 62 MHz isncreased disorder caused by the additional holes may in-
observed only in the Eu-doped materials and is independeRfeasingly frustrate the spins and reduce the magnitude of
of the Cu isotope present in th&®Cu-isotope-enriched ordered moments. We also note that the peak is slightly
samples. The relaxation time at the 62-MHz peak is alstigher in thex=0.16 material as compared ¥=0.12, be-
slow, allowing us to use an increased delay tinte separate causevg(A) increases with hole doping.
it as shown by open triangles in Fig(aJ. The reduced re- Before closing this section we would like to
laxation rate is consistent with the small hyperfine field ex-comment breifly on two recent reports of low-temperature
pected at the Eu site, which is substituted at the La position®3cuy NQR spectra in Lgg_ yEuy ,S5CuQ, (Ref. 13 and
Furthermore, if we assume that the electric field gradient ig a, ,.Ba, ;,:Cu0,.6” Both of these publications show broad
the same at the Eu and La positions, use the ratio of thgne shapes superposed with what appears to be a NQR sig-
quadrupole moments for the two nucleQ/***Q=4.5),  nal from the high-temperatur& and B lines that have sur-
and employ Eq(4), we find that the expected peak position vived to low temperature. We have seen comparable results
of ¥y NQR is 1511/Q:59.5 MHz, very similar to our ob- on a poorly annealed sample of L@aBay 1,£Cu0, in which
servation. Finally, we note that th&'Eu peak is still ob-  wipeout was not complete. After a careful reannealing of this
served at 77 K, strongly indicating that there is no connecsample, wipeout became complete and #hend B lines
tion with the low-temperature Cu spectra. disappeared from the low-temperature spectra. We note that
Disregarding the Eu NQR signal, we focus on the Cupotential problems with the line shapes does not diminish the
resonance in LgsgEly 205h.1LCUO, below 55 MHz. We re-  primary finding of Teitel’baumet al. regarding the doping
peat the same line shape analysis as discussed above in Sgependence of the recovered signal, i.e., that the intensity of
[IIC for the Eu-doped materials. We substituf’évQ(A) the recovered signal at 1.3 K in Lg Eu 5SKLCUQ, is
=36.2 MHz, %yo(B)=40.2 MHz, and ®vo(C)=34.5 greatest forx~ %, indicating the increased stability of that
MHz as extrapolated from temperatures above the onset @foping level'® This conclusion is in agreement with our ear-
wipeout and include the slightly greater 5% greater than lier finding that the temperature dependence of wipeout ef-
the 5.6 MHz used in Fig.)5width in quadrupole frequencies fects in La g 4Ndg 4:S,CuQ, is sharpest forx~ 2. It is
that is characteristic of the Eu-doped materials. We employlso consistent with another earlier finding based on hyper-
the same distribution of hyperfine magnetic field as above fofine broadening of thé*¥.a NQR line at 1.3 K by Ohsugi
La, g7Pap124CUO, [see  Fig. %))  For the etal. indicating that stripes are most stable near0.115 in
5Cu-isotope-enriched sample we use the ratio of qudrupolga, _, Sr,CuQ,.*
moments £°Q/%3Q=0.924) and the gyromagnetic ratios
(%y/%%y,=1.071) between isotopes to determfiteq(A,B)
and to scale the response to the hyperfine field. In this way,
there are no free parameters in the fit of either $f@u or To this point we have discussed only the result§3fCu
the %°Cu spectra. The numerically calculated line shapes ardlQR, but resonance studies of th&lLa site can also pro-
shown in Fig. 7a) as solid lines. The good agreement be-vide additional insight®%®2 Since the *La nucleus has
tween these simulated line shapes with the experimental dagpin | =7, the 13%.a NQR spectra of a single site consist of
for both isotopes supports the Cu spectra analysis that hdBree peaks, roughly corresponding to 1, 2, and 3 times
been presented throughout Sec. Il 1394 . With the addition of a perturbing magnetic field, the
In order to investigate the influence of different hole con-three resonance lines are split in a manner that depends on
centrations on Zeeman perturb&Cu NQR spectra, we car- the details of the direction and the magnitude of the hyper-
ried out preliminary measurements $3Cu-isotope enriched fine field® In earlier *%La NQR studies of the low-
Lay £y 2051 1€CUO,. The recovered integrated intensity at temperature striped phase of ,LaSr,CuQ,, Ohsugiet al.
1.7 K is more than a factor of 2 smaller than in found thatthd=3)«|=3) transitions at-6 MHz broaden
Lay ssE Uy 205t 1.CU0, [see Fig. 1(c)], in agreement with for x~3 at 1.3 K, while the|£3)«—|=1) transitions at
Teite'baumet al** The overall line shape presented in Fig. 7 ~18 MHz do not show magnetic line broadenitig® This
is very similar to the case of LadEu, .Sl 1/CUQy, but the  implies that the time-averaged hyperfine field lies within the
high-frequency tail is smaller and the width of the main peakCuQ, plane®?®® In this case, the extra line broadening is
10.5£0.5 MHz is narrower than 12505 MHz in  roughly equal to 4,H,,, whereH,, is the hyperfine field.
Lay gEUp 20515.1CUQ,. Within the line shape analysis pre-  Our goal is to use the broadening that we observe in the
sented above in Sec. IIl, this change in width implies that the+ 3 )« |= 3) 3%.a NQR transition as a test of the models
maximum magnitude of the hyperfine field in presented above in Sec. IlIC. We present the temperature
Lay 6FUp 20Sly 1€CUO, is  5-10% smaller than in dependence of the linewidth of the3)«|+3) 9a

G. ®%La NQR line shapes in La g7Bag 1,CUO,
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2.5¢ umn of Fig. 9, we present three model hyperfine field distri-
_ % butions including(a) and (b) which are the same hyperfine
o 2r % field distributions as used in th&Cu line shape analysis as
= f ] shown in Figs. &) and §f). To avoid confusion, the mag-
= 15F % % ] nitude of the hyperfine field is still specified by its value at
S ; } } the 5%Cu site, although its value is greatly decreased at the
s 1f + + 139 a position because of the two orders of magnitude
R= r smaller hyperfine coupling constant. Specifically, we take the
= 03¢ ratio of the hyperfine field at th&*3La and ®3Cu sites to be

of . , , , the same as in undoped JGuO,, which is 0.1 T/8.2

0 10 20 30 40 50 T=0.012.5350 This means that if there is 4 T of hyperfine

Temperature [K] field at a Cu site, there is 0.048 T of hyperfine field at nearby
FIG. 8. La linewidth as a function of temperature for the La sites. We must caution that this ratio can, in principle, be
6.8, vtieeiadabulariigie: {6 Mz for dependent on the exact matengl chose_n and especu_all_y on
£3)=|%32) q R low-temperature structural transitions which alter the mixing
L8y 67633.124°U0; (@) and L3 6205101 0U0; (O)- of atomic orbitals. In addition, if there is a strong modulation
L , of the hyperfine field at nearby Cu sites, the La ions may
NQR transition in Fig. 8 for Lag;d3812Cu0;. Line shape  gynarience an average of those values. However, we find that
data from the same sample are presented in Fig. 9. The lingre 5e of this ratio 0.012 adequately describes our data.
width broadens from 1.0 MHz at 20 K to 1.9 MHz at 1.7 K, Finally, we take the 20 K3%a NQR data of Fig. 9 and
but does not display ”;‘363'25“ splitting that is observed in the, merically simulate the added width that arises from the
Neel state of LaCuG,.”>"""A similar temperature depen- giaiic hyperfine field distributions given by the distributions
dence was found in LigsdE o 2051 CUO, @s shown in Fig. ) _(¢) ‘of Fig. 9. These simulated low-temperature line
8. The increase of the linewidth at a somewhat higher temgpanes are depicted as solid lines in the main panel of Fig 9.
perature implies that the slowing of spin fluctuations is moreye note that the differences between the simulated line
rapid in Lq_§£%_2§r0_1£g§)4 than in L3 g788.124CU0s,  ghapes corresponding to the different hyperfine field distribu-
consistent with the larget®1/T, T at the same temperature tjons are small, indicating that it is impossible to choose one
in the former material, as seen in Fig. (B} In a recent  oyer another based on tHé%La NQR measurement alone.
work, Teitel’baumet al. also found similar behavior for a However, we also note that all are consistent with the ob-
Nd-doped sample \_N|tb(=0.12?8 _ _ _ served broadening of thé®*1La NQR line shape, giving
To test the consistency of th€La line broadening with  a4ded weight to the correctness of our explanation of the

the models proposed above to account for #f@u Zeeman- 6365Cy and 13%a spectra in Lag,dBa, 1,4CU0;, as presented
perturbed line shape, we undertake an analysis very Sim”%roughout this section. ' '

to that of Sec. Il C. Again we perform an exact diagonaliza-

tion of the Hamiltonian[Eq. (3)], but this time for spinl

=7, employing the same value of and the same small H. Summary of Zeeman-perturbed NQR line shape
tilting of spin orientation as deduced by Nishihatzal °* We measurements and analysis

confirmed that our conclusions do not depend on small varia- \we have demonstrated that for LadBag 1,CU0,

tions in these additional parameters. In the right-hand coILal sE U 2ST0 12CUO,, and La sy 2ST 14CUO;, the 53Cu
NQR signal that is wiped out at high temepratures reemerges
below ~8 K as a single, broad peak with a lower peak
frequency. The broad linewidth is caused by hyperfine mag-
netic fields from frozen Cu magnetic moments that are nearly
static over NQR time scales. The hyperfine fields prima-

rily within the CuG, planes and the hyperfine fields extend
up to 3—4 T. The upper bound of the field distribution cor-
responds to the maximum frozen Cu magnetic moments of
0.2ug—0.3ug, in rough agreement with estimates based on
uSR. However, the field distribution is not consistent with

Echo Intensity

¢ L s . 0 2 4 % the sharply defined stripe models that properly account for
Hyperfine Field the elastic neutron scattering data and the precession of
Frequency [MHz] at Cu site [T] muons at faster time scales. ’ P
FIG. 9. ¥%La NQR spectra of Lag/d8a12Cu0; for the | To fit the Zeeman-perturbed NQR within the stripe mod-

+ 1y, = 2) transition at 20 K 0) and 1.7 K @) in the main plot els, i_ncluding the incommensurate spiq density wave picture
to the left. The solid lines represent simulated line shapes that ariddat is favored byuSR, the observed line shape requires a
from three different distributions of internal hyperfine magnetic field distribution centered close to zero with a very large
field as discussed in the text. The hyperfine distributions are dedistribution coupled with an increased quadrupole width. The
picted in the small plots to the right and are label@d-(c) to match ~ magnitude of the corresponding maximum Cu magnetic mo-
the corresponding simulated line shape. ments,~0.15ug, is suppressed relative to the0.3ug as
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determined byuSR studies. This, together with somewhatdown in the charge-ordered segments of the Cypl@anes

narrower line shape observed forlgEu 2051h.16CUO;, and  below Teparge~70 K. EPR measurements by Kataev and
the relatively high relaxation rat&1/T, T observed even at co-workers® indicate that spin fluctuations are slowing more
350 mK, indicates that motional narrowing is caused by remquickly below T p,rge. SOmewhat below the onset of charge
nant slow fluctuations which persist even at our base temordering, spin fluctuations in some segments of the

perature. The presence of slow fluctuations has also beqry, ,Nd,,Sr, ;,CuO, sample become slow enough at
emphasized by Subt al®® The fact that the 1.7 K and 350 fneutron_g£ K 10 be considered static. and neutron scatter-

mK spectra are of identical shape suggests that the decre ﬁ'g measurements begin to detect quasielastic scattering with

ing frequency scale of charge and spin fluctuations has satu->.._.. _ : .
rated and that there are many low-lying excited states of th%xCltatlon energyiw~1 meV. We emphasize that this does

: . T ; - . not mean that all the Cu spins have slowed down:io
stripes, while the continuing NQR signal recovery may |nd|-~1 meV. The fact that somg Cu NQR signal is still observ-
cate that an increasing fraction of the sample is experiencing ) 63 9

ble even belowT ¢parge @and the °“1/T; measured for the

the saturated, low-frequency fluctuations.
The increased quadrupole width that is required to smootQPServable - segments does not show any anomalous

the A and B lines into the low-temperature line shape indi- Pehaviot®*+***®indicates that the observable Cu NQR sig-
cate the presence of a broadly distributed charge envirorf?als originate from other segments of the Guilane where
ment which alters the electric field gradient site by site. Al-I" is still smoothly slowing following thes/T scaling. One
though we find in Sec. IV that we can phenomenologicallymay imagine that phase separation sets in with microscopic
account for the®3Cu wipeout data based on slowing spin length scales beloWp,,4e, andI” begins to exhibit a glassy
fluctuations, this quadrupole broadening indicates that spatiglowing with a broad distribution becaudé slows down
variation of the local charge environment does indeed exisgxponentially in the charge-ordered segments. This is in

throughout the sample. sharp contrast with the narrow and well-defined spin fluctua-
tion frequencyl' in the ordinary metallic state of CyO
IV. SLOWING OF THE FLUCTUATION TIME SCALE FOR planes abovd ¢,.4e- We also note that if charge order is a
THE 3 PHASES second-order phase transition, the critical slowing of charge

dynamics should exist even aboVgy,.4e- In fact, the resis-
tivity data do show an upturn prior t¥¢parge.>>* This
means that precursors of glassy slowing may exist at tem-
In general, the growth of short-range antiferromagneticperatures slightly abov&gp, 4. Our earlier observation that
spin-spin correlations causes the spin fluctuation frequencihe Gaussian component &t1/T, shows a gradual crossover
scalel’ = 1/74,, to gradually slow down. In the normal me- to a Lorentzian component due to motional narrowing
tallic state abovd; in the highT cuprates, the characteris- ~10-30 K aboveT 54 SUPpOTts this idea.
tic fluctuation frequencyl’ of spin fluctuations decreases The inelastic magnetic neutron scattering intensity
roughly in proportion to the temperatufe This peculiar reaches about 80% of the maximum value by 25 K, meaning
slowing down is frequently referred to asw/T scaling,”  that 80% of the spins are slowed to below the time scale of
because the frequency dependencextfq,w) satisfies @  7,.,0r=10 1! sec by 25 K. To our knowledge, no detailed
simple scaling law when the frequeneyis normalized by inelastic neutron scattering data are available for
the temperaturd (or, equivalently, byl’).**** One can de- La, ,_,(Nd,Eu),Sr,CuO, with x~} nearT parge @nd Tepip
fine I' as the peak frequency of the dependence of other than a limited data set reported by Tranquadal’
x"(q,w) or, more precisely, by fitting¢"(g,w) to a relax-  Accordingly, the details of how the slowing of spin fluctua-
ational function with appropriate frequency dependence. Weions deviates from the high-temperature/T scaling” to-
fit x"(q,w) observed by Aepplet al*® for La, 5S114CUO,  wardsilT'~1 meV at 50 K as a function of temperature is
to a Lorentz oscillator form to dedudd ~8.8 meV at 35 unknown. In what follows we smoothly extrapolate the low-
K. By scaling the magnitude ofil’ obtained at 35 K for temperature behavior to the/T curve.
Lay geS1h.14LCU0, linearly with temperature, we estimald’ In this temperature rang@, SR measurements do not de-
~17.6 meV atTcpaqe=70 K. Needless to sayl’ should tect any static hyperfine fields. This means that Cu spins
depend on the hole concentration [for example, hI'  fluctuate so quickly that the hyperfine field is averaged to
~4 meV at similar temperatures far=0.04 (Ref. 43]. We  zero. With decreasing temperatugSR measurements be-
expect a somewhat smaller valuehdf for x=0.12 than for  gin to detect a static hyperfine magnetic field that last longer
x=0.14 because the dynamic spin-spin correlation length ishan 0.1 usec between 25 and 30 K. This means that the
somewhat longer fork=0.12 than forx=0.15/° However,  spin fluctuation frequency has slowed down te- 10" Hz
since®31/T, depends little orx for 0.12<x=<0.20, we do not  in some segments of the Cu@lanes. At 30 K, the Cu NQR
expect a major change in the magnitudehdf. We note that  signal is almost completely wiped out as shown in Fig. 3.
31/T, in Lay g 4Euy ,SK,CuQ, is nearly identical with that This indicates that normal metallic segments of Gulnes
of La,_,Sr,CuQ,. Hence, it is safe to assume that the spinno longer exist below 30 K. By extending th& T scaling
dynamics abov@ 44 depends little on Eu or Nd rare-earth down to 30 K, we estimate the upper limit of the distribution
codoping. of the spin fluctuation frequency~10*2 Hz at 30 K. On
The important point to notice is that this milttlinear  the other hand, the lower limit from the slowest components
slowing down of spin fluctuations with temperature breaksof spins is~10" Hz.

A. Preliminary considerations on the fluctuation frequency
scales of stripes
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The line broadening of Zeeman-perturbed NQR caused by e
static hyperfine magnetic fields takes place féiLa NQR 021 e - "~ 63Cu wipeout
and %35Cu at an even lower temperaturgggn' 2%~18 K ool imaied hom =608 (@) x=0.07
and 8 K, respectivelysee Figs. 3 and)8This indicates that S 2z
the fluctuation frequency spectrum has slowed to a time scale i PLa wipeout g1
comparable to the duration of a spin-echo experiment. This 5
time scale is set by the separation of two rf pulses, usually G [/ g
=12 psec; i.e., if spins fluctuate much slower thhif 63;11“"“’5:1“““"“’“ So
~10° Hz, the hyperfine field would look entirely static and 10} (upper bound) < Tetiparatie K]
we expect full hyperfine broadening. As explained in Sec. e p—r——— =
[, our Zeeman-perturbed NQR results seem to indicate that 1012 Tt o
this condition is not quite satisfied in the present case even at elasric neutron
350 mK. In Fig. 10 we present a summary of experimental 1010 — (b) x=0.12
information regarding the distribution of slowing spin fluc- § . 139La wipeout '%1
tuations. = 2

In the following sections, we will demonstrate that the % = HSR Q
glassy slowing of spin fluctuations beloW,ge for X~z :.:’) 10 B gpilooey
can be explained consistently based on the renormalized 2. | 74 %cusignal recovery g0 100 200
classical scaling of the nonlinear model with a reduced & Temperatirs [K]
value of spin stiffness 2p¢'". In Sec. IVB, we estimate the g, - S =
numerical value 2pS''~200 K based on a simple physical & e
argument. We will also explain why thadirect spin contri- g 1010 Seaterine (c) x=0.16
bution to wipeout can be triggerred by charge ordering. In E e 2
Sec. IVC, we analyze the sudden and dramatic increase of .£ 108 bawipeott 2y
39T, T and its distribution that takes place beldWharge & -
based on the renormalized classical scaling, and deduce the %77, g
spatial distribution of" as a function of temperature. In Sec. ol So

. gnal recovery v 0 100 200
IV D, we analyze®Cu and*3®.a NQR wipeout effects to- 10 Temperature [K]
gether with magnetic neutron scattering an8R data, again S R
based on the renormalized classical scaling. The distribution 1012 63Cu wipeout
?ri) lr“n dlggllﬁid by this approach agrees well with that deduced 7 Clastic neutron ) @ x=020
of T o 3
B. Spin stiffness in charge-ordered segments and its relation <g§pl§erbound) g
to %3Cu NQR wipeout 106 z
9o
104 8 0 100 200

The %3Cu nuclear spin-lattice relaxation rafé1/T, di- Usageme. [K]

60 80 100 120 140

verges exponentially in the renormalized classical scaling re- 20 4
gime of both isotropit® and anisotropi® quasi-two-
dimensional(quasi-2D Heisenberg systems. As shown in G, 10. The distributions of the spin fluctuation frequeiicgs
Fig. 11, an exponential divergence 8tL/T; was success- a function of temperature for Nd- and Eu-codoped L&r,CuO,
fully observed in undoped L&uQ,, and the fit to the renor- for several values ok. For each measurement, the triangles, the
malized classical expressions allowed Ireail. to estimate  small vertical line segments, and the open circles correspond to the
2mps~1730 K6 Since 2rp,=1.13], this implies J onset, the 50% point, and the 80% point of the anomaly, respec-
~1500 K, in good agreement with an estimation based otively. In some cases data are not available and we estimate values
neutron and Raman scattering measuremérfs. from similar samples, as noted in the figure. The vertical position-
Naturally, one would expect that measurement§3dzf'l'1 ing of the points indicates the appropriate time scale for each mea-
may allow us to determine the spin stiffness also in thesurement, as discussed in Sec. IV D. The thick dashed line across
striped phase beloW,parqe.>"® Unfortunately, %31/T; mea- the top pf each panel repr_eserméT scaling where there _is Iittle_
sured for theobservable ®3Cu NQR signal represents the dlstrlbuthn Qfl“.. The experlmental dallta serve as anchoring .pomts
spin fluctuation properties of the not-yet stripe-ordered Segf_or_the_ dlstrl_butlon ofl' that is used in _the W|peo_ut calculations,
ments(i.e., »/T scaling, and exhibits little signature of ex- which is depicted as a cc_)ntour plot utilizing the SQ|Id black and gray
ponential divergence even below 50'K’’ where spin freez- curves(Ref. 7). The region between any two adjacent curves rep-

ina is observed by neutron scatterin The absence 0riesents 12.5% of the volume of the sample, with an additional
9 y 9. 2.5% above the top curve and below the lowest. Dashed lines near

dlve:jgebncedln th?} n}eﬁsur_ed value_d@ﬂl'l'_l can _be under- g 16 Hz for x=0.12 represent the distributidh deduced in
stood based on the following considerations. First, we reca he Gaussian model as discussed in the text. The insets show the

that, ql_Jite generally, nuclear relaxatic_)n rates are inverselys- | wipeout data and the simulated wipeout based on(E).
proportional to the energy scales of spin fluctuations, such as

Temperature [K]
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107 " T phase, one can utilizé*¥La to probe the slowing of spin

106 %’;%2)12 % fluctuations. The hyperfine coupling between the Cu electron
g “200K 2000 spins and**%La nuclear spins is two orders of magnitude
3 10588 10K & Teharge smaller than for thé®>Cu site. Since 1, is proportional to
— < o o the square of the hyperfine coupling, this means that, if we
e 0 S ignore nonmagnetic contributions to the relaxatidfl/T,
— mEXXXXX KAAAAAD f . . o

103 g at the La sites is four orders of magnitude less sensitive to

X £ Topaege 2mp=1730K the divergence caused by the slowing Cu spin dynamics as
102 X compared with®®1/T, at the Cu site:

0 200 400 600 800 1000
Temperature [K]

1 139, 139 2

. n hf .

FIG. 11. 531/T, data as a function of temperature for undoped oy | 63, 63 6o7
La,CuO, (Ref. 56 (A), Lay Sl 146Cu0, (Ref. 56 (x), and 1 n h 1

Lay sdE Uy 26S00.1,CUO, (Ref. 11 (@). We also show'**1/T; scaled 13 ) . .
by Eq.(7) for the Eu-codoped materialY). This quantity roughly 1 hus the %La NQR signal does not suffer signal wipeout

represents®®L/T, of the unobservablé®Cu NQR signal in the until the low-frequency spin fluctuati_ons have sIow_ed four
stripe-ordered segments. The curves repre€¥iT, in the renor- ~ More orders beyor-ld the onset BCu wipeout. ACCOTd'f‘Q'Y- .
malized classical scaling model with different values ofg' as  >La NQR **°L/T; is a better measure of spin fluctuations in
listed. Inset: the same data for the Eu-codoped material on a linedhe stripe-ordered segments of the Gu@lanes below
scale for clarity. Tcharge- However, we caution that**1/T; is known to be
dominated by processes other than Cu spin fluctuations

78 63 . i . aboveT~Tcparge, Most likely electric quadrupole coupling
2mps andJ."Since /T, in hole-doped high; cuprates, w1 vvice “Vibrations, making an interpretation &#1/T,

including the striped phase, exhibits nearly identical Value%boveT difficult
with undoped LaCuQ, at higher temperature$,the funda- In F(i:gargil Wwe .plot both S31/T, and LT, for

mental energy scale of*1/T, is set by the same batkat e .

. : : La It uQ,. As initially discovered by Cho and
high temperatures, even in the striped phase. On the oth%ﬁfﬁs(i?é@g;%gclggfn Shows );oughly expongntial diver-
hand, from the measurements of the spin-spin correlatiogence beiow T lin the underdoped redime of
length, Tr?fnquadat al. showed that the effectivge spin stiff- La, ,Sr.CUO, AtN;(?iO the 53U data fit veell " th% ronor-

e H —X X .
ness Zrps " is as small as-200 K belowTcparge." We note 0170 4" cjassical form in the lo-limit (T<2mpg/2), writ-
that the fairly small spin stiffness can be considered a naturgp,, 449
consequence of slowed charge dynamics, because a hole in-
tervening the Cu-Cu exchange path would locally diminish

2
the value of the exchange interactigrand the effective spin 1 _0.35A5 ¢ (T/2mpy)*?

. : : K = R — 8
stiffness 2rpS'" is essentially a spatial averageJot longer Ty Zo I a(1+T/2mpg)? ®
length scales.

We now recall that all of thé€°Cu NQR signal in highF,
cuprates is near the detection limit of pulsed NQR experi- £=0.27 fic_exp2mps/T) 9)

ments, and only a factor of 3 enhancement ifi*1/T, and 2mps 1+T2mwpg
an accompanying change #¥1/T, are sufficient to make
signal detection impossibf&:"*That is why %3Cu NQR mea-  with the Q=(w,7) component of the hyperfine coupling
surements in LgCuQ, could not be conducted below constantAg=A,—4B, the constantZ.=1.18, and Zrp
~400 K The drastically reduced values of the spin stiff- =1730 K. The spin-wave velocity is=+2JaZ /4. We
ness in the charge-ordered segments mean that once thtso found similar behavior of*°1/T, in the striped phase of
charge order sets if1/T, and ®%1/T, in those segments Lay g «EtySKCuO, and Lg_,Ba,CuQ, below Teparge,
begin to blow up inversely proportional t0772)§”_ The fact where the value of &pﬁ” is greatly reduced. In fact, from
that we do not observe a divergence®df/T, for the observ-  Fig. 11 we can estimateraogff~200 K, which is in good
able parts of the NQR signalearT,qe indicates that this  agreement with the previously mentioned result of neutron
divergence of®31/T; in the charge-ordered segments takesscattering, 2rpS''=200+50 K2 It is important to notice
place very quickly. In fact, as summarized in Fig. 10, the Cuthat the extrapolation of the low-temperature renormalized
spin fluctuation frequency decreases by6—7 orders of classical fit to higher temperatures, as shown by the dashed
magnitude between 70 K and 350 mK, roughly an order ofcurves in Fig. 11, overestimatesT}/ observed for®3Cu
magnitude every 10 K. This provides a natural explanation oNQR by an order of magnitude aboVenarge-
why the nuclear resonance signal from those segments expe- _ . _ .
rience dramatic and sudden wipeout due to the extremely fas?' Spin fluctuation spectrum deduced from an analysis off;
relaxation times. This is the indirect spin contribution to wi- recovery data
peout triggered by charge ord@r'! The renormalized classicalRC) expression for the
Even though the wipeout df®Cu NQR prevents us from nuclear spin-lattice relaxation rateT}/[Eq. (8)] can be re-
observing the renormalized classical behavior in the stripedvritten in terms of a frequency scale=(c/ &) VT/2mp as
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0

1 AL 1 (T/2mpg)? 1
—=0492= &, (10 =y 350rhK
Ty 12 U (1+T2mpg)? z 65K
which connectd’ to the observable quantifly;, thus provid- f 0
=
Q
m

ing a natural route to obtain information on the fluctuation

spectrum. Due to the strong wipeout of tfi€u NQR signal, (a)
we are forced to rely on thé®%La relaxation data, where -lg——o—Re—
wipeout is less severe and limited to the range 5-3Gée 104 b %(O'ZT, 1 102
Fig. 13 for wipeout date We measure'®®/T, by the elay Time [sec]
inversion-recovery method. The recovery of the nuclear
magnetization may be fit to a solution to the standard rate 1000g 11 (b)
equations, ;‘}
= o
E 100}
m(t) — _§873t/T1_ @eleITl_ielet/Tl (12) & %+
m(=) - 7 77 11 %% =
10}
for the| = 3)« |+ £) NQR transition wheren(t) is the mag-
N . ; : ) 0 20 40 60 80 100
netization at a time and 17T, is the single relaxation rate. Temperature [K]

This form is valid for magnetic relaxation when the spectral
function is constant across the three NQR transitions, which
is generally the case fdr>fyggr. At 65 K, the fit of the
recovery data with a single value ®f is reasonably good,

as seen in Fig. 12), but at 350 mK, the fit is quite poor. This
led us to simulate the recovery curves due to distributions of
T,. The distributions in I/, are displayed in the inset of Fig.
12(a), and the recovery is calculated by summing contribu-
tions from each segment of the sample, where the magneti-
zation of each individual segment recovers per Eff).
These simulated recovery curves are plotted as solid lines in

1013

1011

109

107

105

Spin Fluctuation Frequency I [Hz]

Fig. 12a) and provide a much better fit to the 350-mK data, «—,iwipeout-» ©

while slightly improving the quality of the fit at 65-K. The 51555 Too

small distribution evident within the 65-K recovery data does Temperature [K]

not necessarily reflect an intrinsic distribution of the mag- 1a

netic relaxation timeT, but may be due to extrinsic pro- /G- 12. (@ ™1a NQR recovery data at 350 mK and 65 K for

cesses such as quadrupole relaxation. In general, the centtﬁb?f?ﬁ-Zfro-ﬂC#ro“ fit T%Single values offy (dt?fh?d Curv?s;nd
value of theT, distribution is very close to that which we - 2/Soutions ott, (solid curves as given in the insefRef. 73.
. o - . . —. The widths w of the distributions(defined as the quotient of
find by force fitting to a single relaxation rate. As seen in Fig. . e L
12b found that th idthw of the T. distribution i the two T, values at the half maximum positions of the distribu-
cre(a)s’evgewi?rlljr:jecr:asinz vtvelmperoatur: blequ:/ n ufrl(c))r: I\?v- tiong are plotted as a function of temperature ib) for
arge La uo, (A) and L I uo, (@). We note
~20 tow~200-1000 at 1.7 K and below. The local mini- 1878120010, (£) AeFloaSha U0, (@)

; ! that the width is underestimated during NQR signal wipe@eé
mum near 15 K is caused by the fact tHdl.a NQR signals  gpaged regionand with this in mind we draw small vertical arrows

with extremely fast'*°1/T; are effectively wiped out due to  from the most affected measurements and a dotted curve as a guide

short T, relaxation rategsee Fig. 1§ hence the measured for the eye. In(c) the fluctuation frequency’ deduced fromT;

nuclear spin recovery does not include those contributiongfrom a forced fit with singleT;, (X); central value of best fit

In the absence of those contributions, the widtk 100 near  distribution (O) with FWHM as given by the vertical baj:sAt 350

15 K should be considered as a lower boundwon mK we display data from a Lorentzian extensi@n)(of the form of
Using the RC form[Eq. (10)] with 277p§”:200 K we T, and from a Gaussian extensiof | (central value and FWHM

can convert these distributions ofT}/to I without any ad- ~ Positions marked with matching symbols for clajityhe solid and

ditional parameters. Fdr> for the conversion is straight- dashed curves are reproduced from Fighl@nd act as guicezlfefzs for

forward; these points are shown in Fig.(2 ForT close to ("€ eye and the dotted curve represents the form-eXpp, /T)

fnor the renormalized classical form may be rewritten as with 2mp;"'=200 K.

1 Aé 1 1 (TI27pg)? 5 the region 5-35 K difficult. In that regiod; ~ fyqr, Which
T, _0'49?1_2 T (1+f§QR/F2) (1+T/277p5)2' (12 implies fast rgla_xa_tlon an(_j signal wipeout. Frﬁmmeasure—.
ments alone it is impossible to know how much of the dis-
wherefyor=18 MHz and we assume that the spin dynam-tribution of I is greater or less thaiyqor. All we can say for
ics follow the Lorentz form in the renormalized classical certain is that experimentally the value off1/is underesti-
regime. This function is now double valued ih which, in  mated because the fastest sections are not observable. How-
addition to signal wipeout, makes the determinatiodi’ah  ever, at 350 mK these difficulties disappear because all of the
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signal intensity is recovered and we know that fyog. We  line broadening similar to the case of conventional CDW
can now safely employ E¢12) to determine the distribution system&-88and also through extremely fast quadrupole re-
of spin fluctuation frequencies, which is centered at 3laxation times':*? |t is difficult to access how strongly the
X 10° Hz with a width of more than two orders of magni- charge fluctuations nedl,naqe affect the NQR properties of
tude. the missing signals because the signals from the already
In the preceding analysis fdr=<fyqr we chose to extend  stripe-ordered segments are not observable, similar talthe
the RC form of 1T, with a factor of 1/(1f{o/I'?) [EQ.  or nothingbehavior of wipeout observed for Cu:M#.
(12)]. This assumption is certaintly justified for the paramag- |n addition to the direct charge contribution to wipeout,
netic spin dynamics above 70K where the neutrondis e have also pointed out thaharge order turns on low-
well to a Lorentzian. Hovx_/eve_r, th_ere IS no reason to bellevqrequency spin fluctuationselow Ty Within the charge-
that the very slow dynamics in spin stripes at 350 mK has tQ,r4ered domains, which in turn causes wipeout by making
be governed by the same type of relaxational mechanlsmaaT1 and 9T, too short to detect th€3Cu NQR spin-echo

For instance, if scattering by meandering hole rivers take§ignal.1° That is, even if charge fluctuations are not strong

over as the dominant mechanism of spln'fluctuatlo'ns at Iovvenough to cause the wipeout 81Cu NOR directly, charge
temperatures, the form of the relaxation function may

change. Let us try another sensible choice, the form based Oq{der creates patches of the Gu@ane that behave similarly

Moriya’s Gaussian approximatidfiwhich would give a fre- to cc:jn\éenE'onaI spllnlogl(?lsses at SlOW. time scales._ As aIre;ady
quency dependence onTi/as noted by Huntet al,™ dilute magnetic moments in metals

[e.g., Cu:Fe(Ref. 90] are known to cause wipeout of the

1 AZ 1 £2 (T/2mpy)? NMR signal of the host metal. Restating this, we can say that
—=0.49—§—exp{ - NQzR S 5. (13 the slowing charge dynamics is thedirect cause of®3Cu
T n2 I 20 [(1+T72mp) NQR wipeout by triggering the drastic slowing of spin fluc-

tuations within the regions where holes are trying to form
charge rivers. Unfortunately, these important statements from
YHuntet al. and Singeet al™ regarding the effects of strong
spin dynamics on wipeout have been overlooked by some
readers, including the authors of a recent publication from
Los Alamos*?

Hunt et al. cited several pieces of experimental evidence

We also employ the form to dedu€eat 350 mK, and find a
much narrower distribution centered at a higher frequenc
5x10° Hz. We will discuss the implications of choosing
either the Lorentzian or Gaussian form off1/in Sec. IVE.
We note that in simulating th&, recovery curve we con-
tinue to employ Eq(11) even forI" close to and less than

fngr- In that region the spectral function is not flat over they, 4 are consistent with the picture that anomalous slowing of

tchreg resgnant trflrzls?in_s, ]nvgfl.ldgltlng the baS|rs] OL(_EEm.'b spin dynamics are caused by slowing charge dynamics. First,
ontinued use of E11) is justifiable because the distribu- ;02 ctic neutron scattering measurements conducted at low

tion in ~*°1/T, extends over several orders Qf magmtu_de an nergy transfer¢1.75-3.5 meY seem to show an anoma-
should be much greater than the potential error induce

. us enhancement of the low-frequency spin fluctuations
through the continued use of E(L1). near and belowT.,.4e, €ven before quasielastic neutron
scattering with energy transfer less than 1 meV detects fro-
D. Numerical simulations of NQR signal wipeout and zen spin§.

recovery, neutron, andpSR measurements Second, the spin-lattice relaxation raté®1/T, at the

As previously defined, wipeout is the amomalous loss of L@ Sites begins to exhibit an anomalous upturn below
NQR signal intensity. For La ,_,(Nd,Eu),S,CuQ, with  TNQR- This enhancement df°1/T, is followed by a roughly
0.12~3, the onset temperatuByqr (Ref. 81 of the %Cu  exponential divergence at_lower temperatureS?L/T,
NQR wipeout agrees very well with the onset temperature~ €Xp(2mp /kgT), where 2rpg' is the effective spin stiff-
Tenarae OF Short-range charge order detected by neutroess which is of the order 1610° K, as already shown by
2782 ng x-ray scattering measuremeht&®Moreover, the ~ €arlier comprehensiv&®®.a NQR measurements by Cho and
fraction of wipeoutF(T) shows a characteristic temperature Co-workers in underdoped La,Sr,CuQ,.***"Recalling that
dependence which is nearly identical to the charge order pdhe exponential divergence ofTl/ is a typical signature of
rameter observed by scattering techniqiies., the square the low-temperatureenormalized classical scalingehavior
root of the scattering intensity of the charge order peak of S=3 quantum Heisenberg systems in both isotropit
leading us to argue that the temperature dependence of ti#@d anisotropic 2D systemi$the exponential divergence of
wipeout fractionF(T) is a good measuré of the charge BT, below Tygr is consistent with a rather drastic reduc-
order parameter. ReceffL.a NMR studies of LaNiO,, ;  tion of the effective spin stiffnespS’" caused by slowing
by Abu-Shiekahet al®? also showed that the temperature charge dynamics. The spin-spin correlation length measured
dependence of the wipeout fraction bLa NMR in a high by Tranquadaet al. also supports the renormalized, small
magnetic field (with an onset temperature of200 K)  spin stiffness with Z-p¢''~200 K2 In contrast, we recall
agrees quite well with the charge stripe order pararfieter that the fundamental energy scale in hole-doped
observed by elastic neutron scattering by Tranquada anda, ,Sr,CuQ, is set by 2rp,~1730 K as shown by NQR
co-workerg?*& (Refs. 56 and 73 and neutron scatterffAigHigh-energy

Naively thinking, the slowing charge fluctuations can scales of the order of 600 K are also inferred from a scaling

makedirect contributions to wipeout through extreme NQR analysis of the uniform spin susceptibility by Johnsfcend
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Hwanget al®* This suggests that a drastic reduction in spinnal below 40 K and its recovery below 18 K, the spin order
fluctuation energy scales of the order of2Q0* K occurs  parameter measured by elastic neutron scattering below 50
near the charge ordering temperature. This has an importakt and theuSR asymmetry below 30 K by taking into ac-
consequence on the wipeout phenomenon, because quieunt the qualitative change in spin dynamics below

generally the overall magnitude of nuclear relaxation rated charge-

831/T, and %31/T, are inversely proportional to the spin fluc- ~ We take the following approach, which relies primarily on
tuation energy scalé3l/T1Y2:>c 1/277p§ff_78 The observed re- €Xperimental data instead of theoretical assumptions. In or-

laxation rate%1/T,;~2000 sec! is quite fast even above der to set®**'°" we note that®*1/T;~2000 sec” at 70
Teharge In hole-doped highF, cuprates, whilefCu NQR K,_at which _temp_erature we know that the energy scgle of
signals become unobservable when relaxation rates exce in fluciuations ishI'~15 meV from neutron scattering.

iar63 P ; 56
631/T,~6000 sec' for measurements with the quantization rom eavlier “Cu NQR studies in paramagneticGuQ,,

axis along the crystalling axis®® When S1/T, exceeds we empirically know that the loss §fCu NQR intensity due

to fast relaxation occurs when the relaxation rate exceeds
. =1 ; ; 6 .
6000 sec! the relaxation times®T, and 3T, become 631 reritical 6000 sec?. Following Eq. (10), this implies

shorter than the limit of experimentally accessible times. Inthat 63pwipeoutjs approximately a factor of 3 lower than the
other words, thé®*Cu NQR signal inall high-T, cuprates is value of hT~15 meV at 70 K. In this way, we define
on the verge of wipeout due to strong low-frequency spinespwipeoutg mev.  which is 1.X 102 Hz (so that
fluctuations. This means that a factor of 2-3 reduction in gapwipeout_ g3 p,)sec).

spinistiﬁnessog” nearTcharge CAUSEd by slowed charge dy-  The cutoff for the wipeout of3%La NQR signal is found
namics would |mm6ed|ately W'pe.O&f’CU NQR signals. This i an analogous manner. From our experiments shown below
explains why the®Cu NQR wipeout fraction accurately in Fig. 16 and Fig. 17, we see th&t®L/T, rises to approxi-
tracks the charge order parameter as measured by scatteriﬁgitmy 80 sec! when wipeout is most severe. The remain-

experiments_if one interprets_ the latter as a measure of thiﬁg portion of the sample is on the verge of wiping out and
volume fraction of charge-stripe-ordered segments. has T, very close to 1391/-|—<l:ritical " Thus we take

Third, the Gaussian component of spin-spin relaxationisgs, ~critical __ 1 ;
process®3®°1/T, at the 836%Cu sites crosses over to Lorent- 9}3”1 Crm;IBO sec . We now need to convert this value
of 3TS to the corresponding frequency scale. Using

zian (single-exponentialdecay belowTcparge By motional . . . ;
narrowing effects due to fluctuating magnetic hyperfinethe renormalized classical forfEq. (10)] in the high-

fields1®* The dominance of spin rather than charge fluctuaireauency limit > w,) we see that
tions in the mechanism of the Lorentzian spin-echo decay 5 5
was suggested by the isotope ratio betw€&frCu 1% This 1. (YaHn0®  (T/2mpy) (14)
crossover of spin-echo decay, accompanied by NQR/NMR T r (1+T/27-rps)2'
intensity wipeout, is known to be a typical signature of the
slowing down of conventional spin-glass systems such awhere wipeout occurs at 70 K fot*Cu and at 40 K for
Cu:Mn8%® Thus all of these results as well as the dramatic**%La, and we take 2Zp,~200 K as determined above.
increase in the EPR linewidthare consistent with a simple Since we know the ratio of the gyromagnetic ratios to be
picture that spin-glass-like behavior sets in when charge dy3%y,/%%y,,=0.533 and the ratio of the hyperfine fields at the
namics slow down, and the combined effects of slowingtwo nuclear positions to b&*H,,;/5%H,;=0.012 as inferred
charge and spin stripe fluctuations can naturally provide d&rom Zeeman-perturbed NQR in b&u0,,%*°° we immedi-
qualitative account of the wipeout behavior for § below  ately calculate'3'ViPe°U=5 1x 10° Hz. We note that the
Trnor™ Teharge- 139 (T) data are taken with a fixed delay time=40 usec,
In a recent article, Curro and co-workErsnade an im-  which is justified due to the slow relaxation rat&’1/T, at
portant observation that enabled a quantitative estimation ahe La site(see the inset of Fig. 16
the indirect spin contribution to wipeouf®** The essence of At low temperatures, th8Cu and*3%.a NQR signal that
the analysis of Curro and co-workers is as follows. Firstwas wiped out begins to reemerge. The return of signal be-
instead of saying thaixtremely shorfT, and ®3T, resultin  gins at aboti8 K for 3Cu and 18 K for'3%.a. Within our
wipeout!®! they note that thé*Cu NQR signal cannot be model, the reemergence of signal is not surprising; in fact, it
detected if®*T; and T, are shorter than certain cutoff is to be expected if the frequency range falls low enough so
values labeled®TS"c@! and 83T5"Mcal ysing several as- that T, and T, become longer. Using the Lorentzian exten-
sumptions, they estimate these cutoff values. OWg& '@ sion of the renormalized classical forfq. (12)], with the
is deduced, Curret al. use the Bloembergen, Purcell, and NQR resonance frequendiqr taken as 6 MHz and 35
Pound (BPP form* of T, to determine the corresponding MHz for **%La and ®3Cu, respectively, that the relaxation
spin fluctuation frequency°I'"'Pe°Ut The wipeout fraction rate 1T; achieves its maximum value when the characteris-
is the weight of the spin fluctuation distribution that is slowertic fluctuation frequency’ coincides withf \or. Below that,
than 83WiPeout hecause the slower segments hdve, and  additional slowing of the fluctuationglecreasing of”) re-
63T, that are too fast to allow the detection of the spin echoduces the relaxation rateTl/, so that at some low-frequency
Inspired by their analysis, we attempt to fit not only the scale, which is defined ds"®°*°", the following condition
wipeout of the %3Cu NQR signal belowTyog~70 K but is satisfied: IF,(I'"6°®e") = 1/T,(I'WPeouy = /ygritical
also its recovery below 8 K, the wipeout 6%%_a NQR sig- where we include temperature factors from Edf). We note
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that [rec@ery<f <pwireoul within this model, it is 2 2
straightforward to deduce that®I™c®e¥=29x10° Hz  §' i e
and ®"ec@eY=4.0x 10* Hz. This means that the slowest = =
components within that sample slow to .90° Hz at ap- g g
proximately 18 K, providing"*%.a NQR signal recovery, and & g ®)
continue to slow through 4:010* Hz at 8 K where they are @ 05 o w00 @ 05 %
manifested as recovered tR&Cu NQR signal. Temperature [K] Temperature [K]
Combining all of these pieces of information regarding Z.

; N, : ; 2,28 =

the spin fluctuation time scales in the stripe phase, we con-z ! , © g1 @
. . . = elastic neutron g muon spin

struct a chart showing the anchoring points of the tempera-£ scattering 2 Totation
ture dependence of spin fluctuation frequency sdaleas Eo z
presented in Fig. 18). Using these anchoring points, we a;s %
smoothly interpolate to define a single distribution function $ o 9,

(

D(T,f), which gives the relative fraction of the sample vol- Temperastu:e K] Tempersz;)ture K]

ume that experiences fluctuations at frequehay tempera- _ _
ture T. This distribution is depicted by the black and gray FIG. 13. Four sets of experimental data and corresponding nu-
contours in Fig. 10. We begin with an educated guess of th@erical simulations based on the model desgibed in the text, using
form of the distribution function, and refine the function as® D(T.f) shown in Fig. 1. (@ *Cu wipeout in
we iteratively produce a better and better fit to the experi-83.65t.250.1CUO;, (b) the "La wipeout from the|+ 7)< |
mental data as presented throughout this section. In this way 2) ransition in La et 2Sh.1CuG;. (The wipeout behavior at

we deduce the actual fluctuation spectrum based on the e¥==s IS nearly identical for Eu-, Nd-, and Ba-codoped samples.

perimental data. Since there are no experimental constraints'® SPin order parameter in LaNd, 451, ,Cu0, deduced from

for T in the range aboveé3wireout pit less than theo/T elastic neutron scattering as the square root of the scattered inten-
. . . . sity, from Tranquadat al, (Ref. 2 and (d) the uSR asymmetry
scaling line, we are forced to extrapolate in that region. Infactor AL 1A X 72 i Lay eriNdp S 1,CUO, from Nachumi

Fig. 10 we depict the smooth extrapolationsIxfT,f) that et al. (Ref. 29

terminate at thew/T scaling line at a temperature above ' T

Teharge: However, we note that we are ignoring the possiblegis s the result of iterative alterations of trial distribution

cqntrlbqun of the slowing of charge dynamics to Cu NQR fynctions that eventually led us to the distributid(T,f)

wipeout _effects. . . . ) shown in Fig. 10b). We find that a distribution function
The simulated wipeout fractioRi(T) is the fraction of the 556 on a Gaussian in lbgith different widths to higher

NQR S|gna_l that is n_ot observable,.whmh corresponds to th‘énd lower frequency works well. However, the use of an

portion which experiences fluctuations that are slower thag, -+ e method means that we cannot exclude the possibil-

[wipeoutut faster tharl ¢, This can be written as ity that a somewhat differerftand T dependence o (T, f)
[wipeout may work as well as this one, although it is difficult to imag-
J' D(T,f)df ine that a qualitatively different form would succeed, given
F(T)= precovery (15 the large number of experimental constraints that must be
o ' satisfied.
jo D(T,f)df Although we do not explicitly utilize the nuclear spin-
lattice relaxation rate T} in the analysis of this section, our

where the denominator acts as a normalization condition oghoice of the form ofT; for I' below the Larmor frequency
D(T,f) at every temperature. For the neutron scattering andoes play an important role in setting the vertical position of

#SR measurements, the fraction of the sample that has ofhe anchoring points in Fig. 10. To this point we have utilized
dered is given by a similar form the Lorentzian formEq. (12)], but as discussed in Sec. IV C,

we might do better to employ the Gaussian fdiag. (13)].

probe Although this change does not alter any of the analysis for
fo D(T.f)df I'>5x10" Hz, it does substantially change the behavior for
GProbg(T) = — , (16)  smallerI’. Specifically, the cutoff frequencies for the recov-
f D(T,f)df ery of both®3Cu and**%La NQR signals are shifted upwards
0 to ~5x 10° Hz, causing the distributioB (T,f) to saturate
L at low temperatures as shown by the dashed curves in Fig.
whereprobeis eitheruSR orneutron 10(b) and in Fig. 12. We will discuss the merits of the Gauss-

All four of these quantities [®*F(T), % (T), -
G"eutronT)  andG#SR(T)] have been numerically computed fan form of 17 in Sec. IVE.
over a range of temperatures using the distribufiyT, f) S .
presented in Fig. 16), and the resulting curves are plotted E. Summary of fluctuation time scales and comparisons to
in Fig. 13 along with the relevant experimental data. The related works
simulations work remarkably well in reproducing both the  Through an analysis of both tHé®1/T, recovery data and
Cu and *%La wipeout data, as well as the neutron andthe ®Cu and3%La wipeout data we arrived at two estimates
SR results. As mentioned previously, the quality of theseof the spin fluctuation spectra as a function of temperature as
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scattering studie¥® It is also important to note that at the
slow time scales of NQR, the striped phase never looks to be
striped, but rather behaves more or less like a conventional
spin glass. This similarity with the cluster spin-glass phase
has been repeatedly emphasized by Borsa and
co-worker$®3" 91 since before the discovery that the spin-
glass phase is actually striped by neutron scatte¥ifiglow-
ever, we note that the striped phase does differ from conven-
tional spin glasses, even at slow time scales. Specifically, we
point out that the real part of the susceptibility shows only
small Curie enhancement, indicating the scarcity of free
spins. In fact, comparing LaBay 1LLu0, (Ref. 99 and Zn-

FIG. 14. Slices of the frequency distributi@y(T,f) as deduced Impurity-doped L& gsSto 1:CUp 9620004 (Ref. 98 where
from the analysis of Sec. IV DRef. 71. The shaded rectangles 2% of the moments are intentionally made to be free, we find

represent the spectral weight in the sharply defingd@ energy  that the Curie component of the susceptibility is nearly two
scale(70 K is the rightmost, 50 K in the center, and 30 K at the orders of magnitude smaller in the Ba-doped material below
left), which decreases in magnitude at lower temperature as th&cpargethan in the Zn-doped case. This implies that the num-
spectral weight is shifted to the contribution from the stripe-orderecber of free spins in LagBay 14CuU0, is very small. It is more
regions represented by the broad curves. The dashed curves arifieely that the spin-glass-like behavior is caused by slow
from a Lorentzian extension of the form @ [Eq. (12)] and the  fluctuations of self-organized, short-range-ordered segments
shaded curve corresponds to a Gaussian extefiBipri13)] at 350 with spin and charge density modulation.
mK. Recently, Currcet al!? and Teitel'baumet al®® have re-
ported methods of simulating the wipeout effects. In both
shown in Figs. 1) and 12. As an alternative presentation cases the authors attribut8Cu NQR signal wipeout to slow-
of the data in Fig. 1), we construct Fig. 14, which con- ing spin fluctuations. We emphasize that the importance of
tains slices through the distributidh(T,f) at selected tem- slowing spin fluctuations on NQR signal wipeout through the
peratures. We find that there is a sharp change from the higkextremely large relaxation raté$1/T; and %%1/T, (the indi-
temperaturew/T-dominated behavior to the much faster rect contribution has already been discussed repeatedly in
exponential slowing of spin fluctuations beloWp,.ge. We  our earlier publication$®* The contribution of Curro and
understand this qualitative change in the magnetic fluctuationo-workers is in the introduction of a numerical cutoff to fit
spectrum to be due to charge ordering. The two methods ofipeout effects, making quantitative analysis posstble.
deducingl’ are in qualitative agreement, even though theTheir pioneering work opened a path to gain quantitative
guadrupole contribution to relaxation and wipeout makes thénformation regarding the distribution of the spin fluctuation
approach based oh*®1/T; somewhat questionable. The dif- frequencyl’. This is an important idea that is applicable to
ferences between the two methods are smaller than the efie analysis of various NMR data and they should be fully
fects of choosing a Lorentzian or Gaussian extension of theredited for their contribution. However, Curet al. over-
form of T,. Without additional information we would be able looked the fact that the importance of spin fluctuations to
to proceed no further—however, we know from the line wipeout (the indirect contribution had originally been pro-
shape analysis that our 350 mK line shape is still experiencposed by us and quoted our publications only in the context
ing some motional averaging. In the Lorentzian schemesf slowing charge dynamics. We believe that this inaccurate
more than 50% of the distribution df is lower than'=3  quotation is misleading at best. Even though they have im-
% 10* Hz, which corresponds to 3@sec, the duration of a plied that their way of understanding the wipeout effects was
pulsed NQR experiment. This indicates that motional averentirely novel, we must emphasize that the physical pro-
aging is unlikely to be effective for the bulk of the sample cesses utilized in their analysis have little difference from the
and we would expect to see frozen structures in the lowideas outlined in Hunet al. regarding theindirect process,
temperature Zeeman-perturbed spectra, which are not olexcept for one crucial point. We believe that the onset of
served. However, using a Gaussian model we find that akharge ordefor slowing of charge dynamics for< 3 due to
most all of the sample experiences fluctuations faster tharandom localization effecty is the cause of the drastic
the experimental duration, indicating the likelihood of strongchanges in the magnetic properties that result in NQR signal
motional averaging. Thus, reality is closer to the Gaussianvipeout. On the other hand, in the analysis of Curro and
form in order to preserve motional averaging. We also noteco-workers it isassumedhat glassy slowing of Cu spin fluc-
that the low-temperature saturationlofthat naturally arises tuations continuously proceeds from 300 &4 K without
from the aforementioned analysis within the Gaussian formany qualitative changes in spin dynamics throuigi,,ge-
is consistent with the saturation of the spin-spin correlationThat is, Currcet al.assume that the same activation tempera-
length observed below 20 K. ture dependence &f(T) xexp(—E,/kgT) properly represents
Before continuing, we point out some qualitative similar- the slowing of Cu spin fluctuations both above and below
ity betweenD(T,f) for the present case of the striped cu- Tcharge- They fit 3%1/T; below 30 K (< T¢nargd to deduce
prates belowl .44 and for the conventional spin-glass sys- the activation energi, and its distributionA. Ignoring the
tem Cu:Mn investigated by Murani by cold neutron drastic change in the charge degree of freedom Mggyqe

350mK
A
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and the resulting changes in spin dynamics as reflected in " " " " " "
139 /T, T, electron paramagnetic resonantePR® etc., 1 Lay 60xNdp.40S1xCuOy4 1
these parameters are taken to remain unchanged even above 08 0x=0.07
Tcharge- . . . o ’ i 8(1)3 |
We note several inconsistencies arising from the assump- e 015
tions of the Los Alamos group. We point out that the fit of 0.5 x 020 A
139/T, by Curro and co-workers fails on their own data set
above 30K. In addition, within the model of Curet al, - 04 Turmamio - -
®31/T, has the same Gaussian distributionl4J) with the ul = 10K
same activation-type temperature dependen€& /T, L; 0.2t 1
xexpE,/ksT), which is taken to hold for all temperatures. 8
Unfortunately, this assumed exponentiareaseof ®31/T; is 8 0 o
in sharp contradiction with the experimental finding that < 1 Lay goxEu 2051xCuOy 1
31/T, decreaseswith decreasing temperature down to § 0 x=0.07
Tcharge @S Shown in Fig. 11. We note that the assumed expo- & 08 : 8:%% i
nential form aboveT ,.4e IS €ssentially equivalent to ex- = x 020
trapolating ®31/T, along the dotted lines of Fig. 11 between 0.6 Ty pp = 130K i
Tcharge @nd 300 K. Thus, there is no justification for the as-
sumed forms of(T) and ®31/T; aboveT parge. Since the 0.4 1
calculated wipeout fraction by Curret al. relies on the ex-
ponential temperature dependence®/T;, we must con- 0.2 i
clude that qualitative success in reproducing wipeout starting

at as high as 150 K is merely a coincidence that depends 0 0 40 80 50 100 120140
strongly on their choice of3WiPeout

Finally, although we believe that the slowing of charge
dynamics is of extreme importance and that the analysis of

; ; 1
the LOS. Alamos group is not z_app“cgble ng'_we note La; 6-«Nd, ,Sr,CuQ,. The low-temperature structural phase transi-
that their assumed form df(T) is similar to our finding for 4o, temperature 1 atx~2 is T_17~70 K (Ref. 22. The lines

x=0.07 belowTyqr. However, we note that in this region are guides for the eye and only data points beloy are plotted.
the beginning of charge localization has been observed by, s the same plot but for Lg,_,Euy,SKLCUO,. At x~%, T 1
Ichikawaet al. at ~ Tygr.? (See Sec. V C for a discussion ~130 K (Ref. 16.
of the underdoped materigl¢dence, one may consider the
slowing of charge dynamics as the cause of the glassy slowdependence for the magic hole concentratiorxefz, we
ing of spin fluctuations regardless of spatial coherenceseek a comprehensive understanding of stripe fluctuations
which is gradually lost with decreasing'®* across the entire phase diagram of kaNd, ,Sr,CuQ, and
After an early version of this work was presentedLla; g wEuy,Sr,CuQ,. The temperature dependences of the
elsewheré€® NQR wipeout was also simulated by a group at °*Cu NQR wipeout *F(T), 3*%La NQR intensity, and
Leiden University® who have independently pointed out that **°1/T, T are presented in Figs. 15, 16, and 17, respectively.
139 a NQR intensity provides valuable information regard- Utilizing this information, as well as available elastic neutron
ing I'. They base their analysis oli%La spin-lattice relax- scattering angh SR measurements, we follow the analysis of
ation data in Nd-codoped materials. Although we agree thaBec. IV D to deduce the temperature dependence of the spin
139/T, is a good place to initiate a study of the fluctuation fluctuation spectrumI’ for hole concentrations ofx
spectrum and Cu wipeout, we note that nuclear relaxation ir=0.07,0.12,0.16, and 0.20. The results are depicted in Fig.
Nd-codoped materials is usually dominated by the large Nd.O together with the simulate®fCu wipeout.
moment, as in NdB&Cu;0;,2®°and Nd_,Ce,Cu0,. 1°* This Another way to illustrate the temperature dependence of
also seems to be the case in Nd-doped L&r,CuO, as the spin dynamics of stripes is to plot the contours of char-
shown in Fig. 17. Furthermore, we find th&1/T, in Nd-  acteristic frequency scales on the tempera(Tyeersus hole
codoped materials is roughly independent of hole dopifg. concentration(x) phase diagram. In Fig. 18, we collect data
Bearing this in mind, it seems that their analysis would therfrom various experiments and plot the temperature at which
predict identical wipeout for different hole concentrations each experimental probe experiences an anomaly. The
which is certaintly not the cassee Fig. 1h anomaly occurs at the temperature at which the spin fluctua-
tions of some parts of the Cy(plane slow to the inherent
frequency of that probe. Using the anomaly temperatures as a
V. Nd- AND Eu-CODOPED MATERIALS boundary, we section off areas of the phase diagram into
AWAY FROM x=% various shades of gray.
The white area at the top of the plot corresponds to the
temperature region with very fast spin fluctuations, where
Now that we have reached a good quantitative understripes can be considered to be completely dynamic. In other
standing of the spin stripe fluctuations and its temperaturevords, this is the region where the so-calledT scaling

Temperature (K)

FIG. 15. (a) The fraction of wiped-out signal®3F(T), in

A. Construction of a unified phase diagram
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(X)]. The intensity was measured for a fixed pulse separation time
of =40 usec. In the inset we show the spin-echo decay for
La; geEy 20511 LU0, at different temperatures. All curves are
guides for the eye.

- T - 100
0
. 7 Lay g0xEug2051,Cu0Oy ]
o Y H
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FIG. 16. Plot of the ¥%La NQR signal intensity in ~ oo Lk X Lo Nd S CuO
Lay 5 Elg ,SKCuQ, for the|+ 3)« |+ 1) transition at a frequency b -Kx . Lal»48E 0'4sr0'12Cu04 3
3vo~18 MHz [x=0.07 (O), 0.12 (A),0.16 (V), 0.20 — F e 16 Y02>T0.12 "
5 "X\\ © Lal.875 Ba0.125cu04
o
a

holds for spin dynamics, and there is a well-defined spin
fluctuation time scale whose distribution is minimalt

should be noted that there is NMR evidence for some spatial
inhomoginiety even in a similar high-temperature regime, as C
recently reported by Haase and co-workers on the basis of T

some ingenious NMR measurements and analy3iand by 0 20 40 60 80 100
a report of the frequency dependence®¥/T, by Fujiyama Temperature [K]
et all%

The darkest gray region shows where the spin fluctuations FIG. 17. (a) Plot of *3*1/T, T of the|+ 3)«|* 1) transition for
are so slow that the hyperfine field is nearly static even at th#éhe La site in Lag_Eu, ;S CuQ, where the symbols used for each
NQR times scales. This region is obtained based on the afole concentratiorx are listed in the figure. The horizontal line
pearance of hyperfine broadening in the recovered NQR sigharks the constant®1/T;T~0.05 sec* K™* value and the ar-

nals of 83Cu. Between the lightest and darkest gray areasr’ovv_s markTyqg for each mat_eria>kzo.20, 0.16, and 0.1_2 from left
to right. (b) The same quantity, for several samples with hole con-

ggf:l thrgingrned ftiSethseegélI::Z?eUtrsg;?)rzzcg\elleag(igzuirll\l(lgi'z] 1§entrationX% % Note that the Nd-codoped system has an enhanced
! L . " “Telaxation rate due to the Nd moments. The bump in the data for the

The boun(.:iary marked by solid circles is set b}/ the}emperaga_doped sample near 60 K arises from the low temperature tetrag-

ture at which***1/T; T crosses the value 0.05 sécK™*in ., (LTT) structural transition

Lay g xElU ,SK,CuO, (see Fig. 1¥. *°%1/T,T is somewhat '

larger at high temperatures far=0.20, so in this case we fqjoys Tcharge @nd the Cu wipeout inflection points. The

e the temperaturé5 K) at which the enhancement of jhortance of the inflection points will be explained below.

1/T,T begins. The next boundary is set By,;,, the on-
set of elastic neutron scattering from spin stripes correspond- B. Results for x=1

ing to a frequency scale of 0.5—-1.0 meV, based on the energy
integration windows of those experiments. The next area We have already discussed the sharp onset of the slowing

marks the onset temperature 8f.a NQR wipeout. Open of spin fluctuations that occurs Alparge for x=0.12 which
diamonds mark the onset temperature for muon spin rotatiois caused by charge order. Looking at the higher hole con-
T,sr arising from static order on the time scales @8R  centrationsx=0.16 and 0.20, we see similar behavior in the
measurements. At temperatures lower than 20 K the NQR ®Cu NQR wipeout(Fig. 15, **3*.a NQR wipeout(Fig. 16),
signal begins to recover for the®La nuclei. These tempera- and **®1/T,T (Fig. 17, although in each case the tempera-
tures are marked by open, downward pointing triangles irture scale is shifted increasingly downwards for the samples
Fig. 18. Also shown in Fig. 18 are the onset temperaturearther from the magic hole concentratiar=3. This natu-
Tcharge for short-range charge order as obtained from neurally leads to a similar distribution of that is shifted to
tron scatteringf and x-ray scattering’*®the transition to the  lower temperature, as shown in Figs.(d0and 1Gd). In the
superconducting phase in L@ ,Ndy.Sr,CuO, (a white case ofk=0.16 we find that all of the anchoring points of the
line), and a dotted black linéas a guide for the eyehat distribution are shifted to lower temperatures by10 K
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B Cu Wipeout Inflection Point _|
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F ¢ uSR precession
F X v La NQR signal recovery
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FIG. 18. Phase diagram for Lg ,Ndy,Sr,CuO, and
La; g \Euy 5Sr,CuQy,, showing the upturn irab-plane resistivity
temperature T, found in Lag ,Ndy.SL,CuQ, (Ref. 22
(X), ®Cu wipeout onseTyqrin La; ¢ xNdo ,Sr,CuO, (A) and
Lay g xElp ,SKCuQ, (V), onset temperaturel haqe for short
range charge order according to neut(Befs. 7 and 2Rand X-ray
(Refs. 17 and 1Bin La, g xNdy 4Sr,CuO, (), the copper wipe-
out inflection point @) in La; g 4NdySr,CuQ,, the temperature
where ¥°1/T;T=0.05 sec® K ! in La; g «Ely,SKCuO, (@),
long-range  spin  order Tg,,, (Refs. 8 and 2P in
La; ¢ yNdy ,Sr,CuO, (O), onset of La wipeout for
Lay g xElp S CuO, (A), onset ofuSR coherent precessidi),sg
(Ref. 29 for Lay ¢_4Ndy ,SK,CuQ, (¢ ), the onset of**®La recov-
ery of signal in Lag 4Eu,,Sr,CuQ, (V), and the onset of*5%Cu
recovery of signal in Lag Euy,Sr,CuQ, (O). The darker gray
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FIG. 19. Doping dependence ofm2'" as deduced from the

data presented above in Fig. 18 by fitting to the fofimexp
(—2mpe™T). We note thafl” levels for low temperature and that
region are neglected in the fit, resulting in a large uncertainty in the
value of 27p¢"". Forx< 3 tailed wipeout indicates that the physics
may differ substantially from the region=3%, so we use dashed

lines in that region.

between ourTygr=60=5 K and their T¢page=55 K
strongly supports our indentification @, as the onset of
the glassy slowing of the spin fluctuations triggered by slow-
ing charge dynamics for 0.82x<0.15. Generally speaking,
for x=3, we find that all of the contours are nearly parallel
and slope downward with increasingThus below the onset
temperature for charge ord@y,,.ge, the slowing down is
similarly rapid throughout this concentration range, but with
an energy scale that decreases away from the magic doping
level x~ 2 where the stripe fluctuations are most robidsn
fact, if we fit the slowing of spin fluctuations to the renor-
malized classical form exp(2mpS'T) for different hole
concentrations, we find thatp2'" decreases with increas-
ing x abovex~§ as shown in Fig. 19.

tones indicate increasingly slow fluctuation time scales. We also
show the superconducting boundary as a white line and a dotted
line that connectd ¢p,,,4c and the Cu wipeout inflection points as a
guide for the eye.

C. Results forx<3

Within the second regior= 3, the slowing down is more
gradual and the contours in Fig. 18 are more spread out. At
while for x=0.20 the shift is~20-30 K. The striking simi- this point it is worth pointing out that althougfiygg in-
larity of the shapes of (T) for 0.12<x=<0.20 indicates that creases below~3%, ®F(T) is more tailed as shown in
the fundamental physics of these systems is very similar. lirig. 15 for La g Ndg 405, CuQ, with x=0.07 and 0.09. It
each of these cases we consider charge order as the causdsofmportant to note that there is an inflection point in the
the anomalous glassy slowing of spin fluctuations. With in-temperature dependence of the wipeout fractiof,(T), at
creasing hole concentration the tendency to charge order dapproximately 55 K and 62 K, respectively, for these two
minishes, causing the shift df to lower temperatures for concentrations. In a recent study of a; k@Nd, ,Sry 1dCUO,
largerx. single crystal provided by Ichikawet al, we confirmed®

The same strong similarities for the samples with 3 that this inflection point is nothing but the charge ordering
can also be seen in the phase diagram of Fig. 18. The lightesmperaturel ;,qe as determined by x-ray scatteriffgThe
gray corresponds to the region where some segments of thwincidence ofT¢paqe and the low-temperature less ortho-
CuO, plane experience spin fluctuations slower thanrhombic (LTLO) structural phase transition temperafére
e3pwipeout and the®3Cu NQR signal begins to wipe out. For may suggest that static one-dimensional charge order cannot
La; - xNdg 4SK,CuO, with 0.12<x=<0.15, the boundary develop without the tetragonal lattice symmetry that is com-
agrees well with the onset of short-range charge order agatible with the symmetry of charge stripes. The longer spa-
observed by scattering methods.We note that our wipeout tial coherence of charge order beloW, qe accelerates
studies of Lag 4Nd,,SrCuQ, were conducted without  wipeout at the inflection point. Even though static charge
knowledge of the more recent results from x-ray scatteringrder with substantial spatial coherence has not developed
by Niemdler et al. for x=0.152® and the good agreement between Tnor a@nd Teparges transport measurements by
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Ichikawa et al. show that the onset of wipeout agrees well the metallic staté! perhaps it is reasonable that the magni-
with the temperature scalg, for local charge orderas de- tude of the frozen moment averaged over NQR time scales is
duced from a scaling analysis of the enhancement of in-planfairly small and highly disordered, despite the fact that the
resisitivity.22 These results underscore the importance of thgpin-spin correlation length is known to react200 A be-
interplay between charge and spin degrees of freedom, evegw 30 K at neutron scattering time scafedle also find that
for x=3. broadening of the quadrupole coupling is necessary to fit the
It would thus appear that for=<3, there is a precursive |ow-temperature Zeeman-perturbed NQR line shape, indicat-
mechanism that wipes out tHéCu resonance signal below g that there are spatial variations in the local charge state.
Tnor before collective short-range charge order sets in at "rrom a simple physical argument based on comparison of
Tehargd < Tngr)- The nature of this precursive wipeout can- 139) ;1 ang the renormalized classical scaling of thé3)0
not be collective since there is no sharp onset, and thus caf,jinear - model, we show that the roughly exponential
not be explained in the terms discussed in Sec. IV. In earlleaivergence of'3%/T, observed beloW gparge iS CoNsistent

publicationst®! we have suggested that this precursive wi-_ . : )
. L ith the presence of low-frequency spin fluctuations charac-
peout may be accounted for if we assume that individual . ) . . it
rized by a reduced effective spin stiffnessrgdf

holes begin to localize with decreasing temeprature, therebg? - e s
creating local moments. This is a situation similar to the one=200 K. We attribute the renormalization of the Sp'nf?t'ﬁ'
that results in wipeout in conventional dilute Kondo aliys ness from 2rp~10° K at higher temperatures toripg
and spin glass&$% On the other hand, in this scenario in ~10* K to slowing charge dynamics that suppresses the
which the local moments are created by localization effectsCu-Cu exchange interaction. By analyzing the magnitude
the precursive wipeout may be further enhanced if one inand distribution of the nuclear spin-lattice relaxation rate
creases resistivity by introducing disorder. However, our re-**%1/T, based the nonlinear model with 27p¢''~200 K,
cent experimental studies on Zn-doped Lg5r,CuQ, show  we deduce the spatial distribution Bf (spin fluctuation fre-
that the onset of wipeoulyqrg is a fairly well-defined tem- quency scale of Cu below T¢p,.qe- We also analyze the
perature scale that does not vary even when resistivity i€3Cu and**%.a NQR wipeout fractiorF(T), elastic neutron
enhanced and local moments are introduced by Zn impuritgcattering, anquSR data within the same framework, and
doping®? Furthermore, a recent inelastic neutron scatteringobtain a nearly identical spectrum. Combined with the fact
study%® on a sample of LagSK, o7CuO, showed a continual that only a small change of a factor 6f3 in the anomalous
decrease of the fluctuation energy scale with decreasing temstowing of I' is sufficient to account for the observed wipe-
perature, followed by the freezing of spin stripes at low tem-out of ®3Cu NQR, this provides a natural explanation of why
peratures. The presence of a striped ground state indicatéise temperature dependencerdfT) tracks the charge order
that it is unlikely that the glassy spin fluctuations below parameter measured by scattering techniques for<0x12
Tnor have no spatially correlated stripe signature. We in-<0.16, which may be interpreted as the volume fraction of
clude data for 2rp§” for the rangex<3 in Fig. 19, but we  patches of the sample in which the spin fluctuations have
reiterate the differences between the physics above and bstarted to slow exponentially. However, we note that our
low x~3 and use dotted lines for the underdoped samplesnodel is quite simpleminded, relying entirely on magnetic
We note that the trend of 2p¢'" decreasing away from  enhancement of T4.*°® Fortunately, since the qualitative
~1 is expected from the low-temperature behavior seen ithange in the temperature dependence of spin fluctuations
Fig. 18, indicating that the relevant energy scale is indeedrom roughlyT linear to exponential is so drastic, the overall
decreasing, even if an identical analysis is not entirely applipicture of the temperature dependence of the spin fluctuation
cable. frequency scald” shown in Fig. 10 would not be substan-
tially altered by a more elaborate analysis.

By plotting contours of spin fluctuation time scales in the
T-x phase diagram, we demonstrate that a similar glassy

In this paper, we provide a comprehensive NQRslowing of stripes takes place away from the magic hole
picture of the spatial modulation and fluctuations of spinconcentrationx=3. However, we find a qualitative differ-
and charge density waves in the stripe phase oénce in the slowing between above and belows where
Lay gg-y(Nd,Eu),Srp 1 ,CuO, and La g3y 124CUO,. From  the measured incommensurability begins to satufatehe
the analysis of the Zeeman-perturb®Cu and*%.a NQR  origin of the difference is not well understood at this point.
spectra, we deduce the spatial distribution of the hyperfin€or x< 3, a stronger tendency toward some sort of localized
field at the time scales of NQR spin-echo measurements. Wstate seems to precede spatially periodic charge ord&rfitg,
demonstrate that the maximum frozen Cu magnetic momergrobably inducing local spin-glass-like behavior with fairly
at 350 mK is relatively small~(0.1-0.2g, with a com-  high-temperature scalé$*3*However, we emphasize that
parably large distribution. The fact thatSR studies find a this spatially disordered spin-glass-like entity eventually
large and well-defined effective moment-e0D.3ug atatime freezes as stripes, as demonstrated by neutron scattering.
scale that is two orders of magnitude faster than NQR proHence Tyqr may be considered as the onset of the glassy
vides evidence that motional averaging is at least partiallfreezing of stripes. A recent scaling analysis of resistivity
responsible for the supression of the effective moment adata by Ichikawaet al?? suggests that this glassy freezing
observed in our NQR measurements. Given that the mobilitys triggered by a slowing charge dynamics, in support of
of holes in the Cu@ planes afl <T¢n,.qe IS COMparable to our earlier proposal for the mechanism of wipeout and

VI. CONCLUSIONS
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glassy freezing! We also believe that the qualitative differ- not clear. The essence of the stripe physics is that these dis-
ence above and belovk~; bears significant impli- ordered patches of the CyQplanes withslow spin and
cations on the mechanism of superconductivity because thgharge dynamics appear striped if viewed by an experimental
behavior of La_,SrCuQ, is very similar to probe with a time scale that is faster than the remnant fluc-
Lay ggy(Nd,Eu),Srp 1 CUQ, at and belowx= 3, while the tyations.
glassy freezing of stripes is not seen by NQR in supercon-
ducting Lg_,Sr,CuQ, for x> 3.

Finally, we emphasize that the so-called stripe phase
never looks striped at the slow time scales of NQR measure-
ments even fox~ 3 at temperatures as low as 350 mK. Itis  We thank many colleagues for sharing their wisdom with
certainly possible to argue that the segments of the LuQus, in particular J.M. Tranquada, P.A. Lee, S. Uchida, H.
plane in which the®®Cu NQR signal is wiped out are very Eisaki, G.S. Boebinger, Y. Ando, Y.S. Lee, M.A. Kastner,
similar to a conventional spin glass, and at slow time scale®.J. Birgeneau, N.J. Curro, P.C. Hammel, J. Zaanen, H.
those segments are phase separated from other patches of Brem, J. Haase, and C.P. Slichter among others. This work
CuGO, plane where the Cu spins still behave as they didwas financially supported by NSF Grant Nos. DMR-9971264
aboveTcparge- Whether such segments are fixed in space isnd DMR 98-08941 through the MRSEC program.

ACKNOWLEDGMENTS

LFor recent theoretical discussions, see A. H. Castro Neto and D. Ammerahl, and A. Revcolevscji, Phys. Rev. Le85 642
Hone, Phys. Rev. Letf6, 2165(1996; C. N. A. van Duin and (2000.
J. Zaanenijbid. 80, 1513(1998; S. R. White and D. J. Scala- *3G. B. Teitel'baum, B. Bohner, and H. de Gronckel, Phys. Rev.
pino, ibid. 80, 1272(1998; S. A. Kivelson, E. Fradkin, and V. J. Lett. 84, 2949(2000.
Emery, Nature(London 393 550 (1998; M. Vojta and S. Sa- 14M -H. Julien, A. Campana, A. Rigamonti, P. Carretta, F. Borsa, P.
chdev, Phys. Rev. LetB3, 3916(1999; L. P. Pryadko, S. A. Kuhns, A. P. Reyes, W. G. Moulton, M. Horvati€. Berthier, A.
Kivelson, V. J. Emery, Y. B. Bazaliy, and E. A. Demler, Phys.  Vietkin, and A. Revcolevschi, Phys. Rev.@, 144508(200)).
Rev. B 60, 7541 (1999. For earlier theoretical works see J. °B. Rameev, E. Kukovitskii, V. Kataev, and G. Teitebaum,
Zannen and O. Gunnarssahid. 40, 7391(1989; D. Poiblanc Physica C246, 309(1995.
and T. M. Rice,ibid. 39, 9749 (1989; K. Machida, Physica C  6V. Kataev, B. Rameeyv, A. Validov, B. Bihner, M. Hicher, and
158 192(1989; V. J. Emery, S. A. Kivelson, and H.-Q. Lin, R. Borowski, Phys. Rev. B8, R11 876(1998.
Phys. Rev. Lett64, 475(1990; and C. Castellani, C. Di Castro, ’M.v. Zimmermann, A. Vigliante, T. Nierter, N. Ichikawa, T.
and M. Girilli, ibid. 75, 4650(1995. Frello, J. Madsen, P. Wochner, S. Uchida, N. H. Andersen, J. M.
2J. M. Tranquada, B. J. Sternlieb, J. D. Axe, Y. Nakamura, and S. Tranquada, D. Gibbs, and J. R. Schneider, Europhys. ##t.
Uchida, Nature(lLondon 375 561 (1995. 629 (1998.
3T. Suzuki, T. Goto, K. Chiba, T. Shinoda, T. Fukase, H. Kimura, 18T. Niemdler, H. Hinnefeld, J. R. Schneider, N. Ichikawa, S.
K. Yamada, M. Ohashi, and Y. Yamaguchi, Phys. Rev5B Uchida, T. Frello, N. H. Andersen, and J. M. Tranquada, Eur.
R3229(1998. Phys. J. B12, 509(1999.
4H. Kimura, H. Hirota, H. Matsushita, K. Yamada, Y. Endoh, °Y.Ando, G. S. Boebinger, A. Passner, T. Kimura, and K. Kishio,
S.-H. Lee, C. F. Majkrzak, R. Erwin, G. Shirane, M. Greven, Y. Phys. Rev. Lett75, 4662(1995.
S. Lee, M. A. Kastner, and R. J. Birgeneau, Phys. Reh9B 20G. s. Boebinger, Yoichi Ando, A. Passner, T. Kimura, M. Okuya,
6517(1999. J. Shimoyama, K. Kishio, K. Tamasaku, N. Ichikawa, and S.
5S. Wakimoto, G. Shirane, Y. Endoh, K. Hirota, S. Ueka, K. Ya-  Uchida, Phys. Rev. Let#7, 5417(1996.
mada, R. J. Birgeneau, M. A. Kastner, Y. S. Lee, P. M. Gehring, ?!T. Noda, H. Eisaki, and S. Uchida, Scier2®6, 265 (1999.
and S.-H. Lee, Phys. Rev. &, R769(1999. 22N Ichikawa, S. Uchida, J. M. Tranquada, T. Niemoeller, P. M.

6Y. S. Lee, R. J. Birgeneau, M. A. Kastner, Y. Endoh, S.
Wakimoto, K. Yamada, R. W. Erwin, S.-H. Lee, and G. Shirane,
Phys. Rev. B60, 3643(1999.

7J. M. Tranquada, J. D. Axe, N. Ichikawa, Y. Nakamura, S.
Uchida, and B. Nachumi, Phys. Rev.5, 7489(1996.

83. M. Tranquada, J. D. Axe, N. Ichikawa, A. R. Moodenbaugh, Y.
Nakamura, and S. Uchida, Phys. Rev. L&g&, 338 (1997).

9J. M. Tranquada, N. Ichikawa, and S. Uchida, Phys. Re§9B
14 712(1999.

10A. W. Hunt, P. M. Singer, K. R. Thurber, and T. Imai, Phys. Rev.
Lett. 82, 4300(1999.

p. M. Singer, A. W. Hunt, A. F. Cederstrg and T. Imai, Phys.
Rev. B60, 15 345(1999.

12N. J. Curro, P. C. Hammel, B. J. Suh, M. tker, B. Bicher, U.

134525-

Gehring, S.-H. Lee, and J. R. Schneider, Phys. Rev. 18&it.
1738(2000.

233. Uchida, N. Ichikawa, T. Noda, and H. Eisaki, Riysics and
Chemistry of Transition Metal Oxidesdited by H. Fukuyama
and N. Nagaosa, Vol. 125 of Springer Series in Solid State Sci-
ences(Springer, New York, 1999

24N, Ichikawa, S. Uchida, J. M. Tranquada, T. Nidieg P.M.
Gehring, S.-H. Lee, and J. R. Schneid@mpublishegt N.
Ichikawa, Ph.D. thesis, University of Tokyo, 1999.

25A. Ino, T. Mizokawa, K. Kobayashi, A. Fujimori, T. Sasagawa,
T. Kimura, K. Kishio, K. Tamasaku, H. Eisaki, and S. Uchida,
Phys. Rev. Lett81, 2124(1998.

26X. J. Zhou, P. Bogdanov, S. A. Keller, T. Noda, H. Eisaki, S.
Uchida, Z. Hussain, and Z.-X. Shen, Scier2&6, 268(1999.

23



HUNT, SINGER, CEDERSTR®, AND IMAI

27G. M. Luke, L. P. Le, B. J. Strenlieb, W. D. Wu, Y. J. Uemura, J.
H. Brewer, T. M. Riseman, and S. Ishibashi, Physici85-189
1175(199)).

28K -I. Kumagi, K. Kawano, |. Watanabe, K. Nishiyama, and K.
Nagamine, Hyperfine Interad®6, 473 (1994).

29B. Nachumi, Y. Fudamoto, A. Keren, K. M. Kojima, M. Larkin,
G. M. Luke, J. Merrin, O. Tchernyshyov, Y. J. Uemura, N.
Ichikawa, M. Goto, H. Takagi, S. Uchida, M. K. Crawford, E.
M. McCarron, D. E. MacLaughlin, and R. H. Heffner, Phys.
Rev. B58, 8760(1998.

30Ch. Niedermayer, C. Bernhard, T. Blasius, A. Golnik, A. Mood-
enbaugh, and J. I. Budnick, Phys. Rev. Lé&f, 3843(1998.

31K. M. Kojima, H. Eisaki, S. Uchida, Y. Fudamoto, I. M. Gat, A.
Kinkhabwala, M. |. Larkin, G. M. Luke, and Y. J. Uemura,
Physica B289-29Q 343(2000.

32A. T. Savici, Y. Fudamoto, I. M. Gat, M. I. Larkin, Y. J. Uemura,
G. M. Luke, K. M. Kojima, Y. S. Lee, M. A. Kastner, and R. J.
Birgeneau, Physica B89-290 338 (2000.

33T, Imai, K. Yoshimura, T. Uemura, H. Yasuoka, and K. Kosuge,
J. Phys. Soc. Jprh9, 3846(1990.

34K. Yoshimura, T. Uemura, M. Kato, T. Shibata, K. Kosuge, T.
Imai, and H. Yasuoka, iThe Physics and Chemistry of Oxide
Superconductorsedited by Y. lye and H. YasuokéSpringer-
Verlag, Berlin, 1992, pp. 405-407.

35H. Tou, M. Matsumura, and H. Yamagata, J. Phys. Soc. @pn.
1477 (1992.

PHYSICAL REVIEW B 64 134525

Thomson, and S-W. Cheong, Phys. Rev. Lég. 760(1994.

53A. Lombardi, M. Mali, J. Roos, and D. Brinkman, Phys. Rev. B
54, 93 (1996.

54F. Mila and T. M. Rice, Physica @57, 561 (1988.

55D, Vaknin, S. K. Sinha, D. E. Moncton, D. C. Johnston, J. M.
Newsam, C. R. Safinya, and H. E. King, Jr., Phys. Rev. 5&t.
2802(1987).

56T, Imai, C. P. Slichter, K. Yoshimura, and K. Kosuge, Phys. Rev.
Lett. 70, 1002(1993.

57Y. J. Uemura, W. J. Kossler, X. H. Yu, J. R. Kempton, H. E.
Shone, D. Opie, C. E. Stronach, D. C. Johnson, M. S. Alverez,
and D. P. Goshorn, Phys. Rev. L8, 1045(1987); S. Uchida,
Physica C185-189 1175(1991).

%8K. Yoshimura, T. Imai, T. Shimizu, Y. Ueda, K. Kosuge, and H.
Yasuoka, J. Phys. Soc. J@8, 3057 (1989.

59K. Yoshimura, T. Uemura, M. Kato, K. Kosuge, T. Imai, and H.
Yasuoka, Hyperfine Interact9, 876 (1993.

5%Unpublished 3Cu NQR spectra observed for=0.02, 0.04,
0.075, and 0.15 in La ,Sr,CuQ, measured up to 800 K for
Imai et al. (Ref. 56.

61S. Kambe, H. Yasuoka, H. Takagi, S. Uchida, and Y. Tokura, J.
Phys. Soc. Jpr60, 400(199)).

624, Nishihara, H. Yasuoka, T. Shimizu, T. Tsuda, T. Imai, S.
Sasaki, S. Kanbe, K. Kishio, K. Kitazawa, and K. Fueki, J. Phys.
Soc. Jpn56, 4559(1987).

63y, Kitaoka, S. Hiramatsu, K. Ishida, T. Kohara, and K. Asayama,

36J. H. Cho, F. Borsa, D. C. Johnston, and D. R. Torgenson, Phys. J. Phys. Soc. Jprk6, 3024 (1987).

Rev. B46, 3179(1992.
S7F. C. Chou, F. Borsa, J. H. Cho, D. C. Johnston, A. Lascialfari,
D. R. Torgeson, and J. Ziolo, Phys. Rev. Lét, 2323(1993.

64G. M. Muha, J. Magn. Resob3, 85 (1983.
55R. Kubo and T. Toyabe, in theroceedings of Colloque Ampere
X1V, edited by R. Blinc(North-Holland, Amsterdam, 196,7p.

38T, Goto, S. Kazama, K. Miyagawa, and T. Fukase, J. Phys. Soc. 810.

Jpn.63, 3494(19949.

393, Ohsugi, Y. Kitaoka, H. Yamanaka, K. Ishida, and K. Asayama,
J. Phys. Soc. Jpr&3, 2057 (1994).

403, Ohsugi, J. Phys. Soc. J@¥, 3656(1995.

4LA. Abragam,Principles of Nuclear MagnetisrtOxford Univer-
sity Press, New York, 1978

42C. P. Slichter, Principles of Magnetic Resonancerd ed.
(Springer-Verlag, New York, 1989

43B, Keimer, N. Belk, R. J. Birgeneau, A. Cassanho, C. Y. Chen,
M. Greven, M. A. Kastner, A. Aharony, Y. Endoh, R. W. Erwin,
and G. Shirane, Phys. Rev.45, 14 034(1992.

44B. J. Sternlieb, M. Sato, S. Shamoto, G. Shirane, and J. M.

Tranquada, Phys. Rev. 87, 5320(1993.

45G. Aeppli, T. E. Mason, S. M. Hayden, H. A. Mook, and J.
Kulda, Science278 1432(1997.

46M. Breuer, B. Biehner, R. Miier, M. Cramm, O. Maldonado, A.
Freimuth, B. Roden, R. Borowski, B. Heymer, and D. Wohlle-
ben, Physica @08 217 (1993.

47B. Bichner, M. Breuer, M. Cramm, A. Ereimuth, H. Micklitz, W.
Schlabitz, and A. P. Kampf, J. Low Temp. Ph9$, 285(1994).

“8H. Yasuoka, J. Phys. Soc. Jpie, 1182(1964).

49p. Heller and G. Benedek, Phys. Rev. L&t428(1962.

50T, Tsuda, T. Shimizu, H. Yasuoka, K. Kishio, and K. Kitazawa, J.
Phys. Soc. Jpr67, 2908(1988.

5IH. Yasuoka, T. Shimizu, Y. Ueda, and K. Kosuge, J. Phys. Soc.

Jpn.57, 2659(1988.
52p. E. MacLaughlin, J. P. Vithayathil, H. B. Brom, J. C. J. M. de

66y, J. Uemura, T. Yamazaki, R. S. Hayano, R. Nakai, and C. Y.
Huang, Phys. Rev. Letd5, 583(1980.

57E. Vavilova, E. Kukovitskij, and G. B. Teitel'baum, Physica B
280, 205 (2000.

68G. B. Teitel'baum, I. M. Abu-Shiekah, O. Bakharev, H. B. Brom,
and J. Zaanen, Phys. Rev.83, 020507(2002).

9B, J. Suh, P. C. Hammel, M. Hker, B. Bichner, U. Ammerahl,
and A. Revcolevschi, Phys. Rev.®, R9265(2000.

K. Yamada, C. H. Lee, K. Kurahashi, J. Wada, S. Wakimoto, S.
Ueki, H. Kimura, Y. Endoh, S. Hosoya, G. Shirane, R. J. Birge-
neau, M. Greven, and M. A. Kastner, Phys. RevbB 6165
(1998.

"'Note that the contours plotted in Figs. 10 andd)4epresent the
function fD(T,f) where the extra factor of arises from
JD(T,f)df=[fD(T,f)d(logf). PlottingfD(T,f) allows direct
integration ind(log f). Similarly, in Figs. 12 and 14a the distri-
bution of T, is plotted with a multiplicative factor of ; so that
it can be easily integrated by eye. The distribution is actually a
Gaussian in log divided by T;.

72K R. Thurber, T. Imai, T. Saito, M. Azuma, M. Takano, and F. C.
Chou, Phys. Rev. LetB4, 558 (2000.

73T, Imai, C. P. Slichter, K. Yoshimura, M. Katoh, and K. Kosuge,
Phys. Rev. Lett71, 1254(1993.

743, M. Hayden, G. Aeppli, R. Osborn, A. D. Taylor, T. G. Perring,
S.-W. Cheong, and Z. Fisk, Phys. Rev. L&, 3622(199).

®R. R. P. Singh, P. A. Fleury, K. B. Lyons, and P. E. Sulewski,
Phys. Rev. Lett62, 2736(1989.

Rooy, P. C. Hammel, P. C. Canfield, A. P. Reyes, Z. Fisk, J. D. “®Y. J. Kim, R. J. Birgeneau, M. A. Kastner, Y. S. Lee, Y. Endoh,

134525-24



GLASSY SLOWING OF STRIPE MODULATION IN . .. PHYSICAL REVIEW B4 134525

G. Shirane, and K. Yamada, Phys. Rev6® 3294 (1999. 663(1986.
77B. J. Suh, P. C. Hammel, Y. Yoshinari, J. D. Thompson, J. L. K. Nomura, T. Sambongi, K. Kume, and M. Sato, PhysicaB
Sarrao, and Z. Fisk, Phys. Rev. Ledtl, 2791(1998. 117 (1986.
8T. Moriya, Prog. Theor. Phyd6, 23 (1956. 8D, E. MacLaughling and H. Alloul, Phys. Rev. Le®6, 1158
3. Chakravarty and R. Orbach, Phys. Rev. L@#.224 (1990. (1976.
80T, Moriya, Prog. Theor. Physio&yoto) 16, 641 (1956. 9H. Nagasawa and W. A. Steyert, J. Phys. Soc. J8.1171
81In our earlier publication§Refs. 10 and 11we did not distin- (1970.

guish betweerTygr and Teharge. HOwever, recent scattering  #'F. Borsa, M. Corti, T. Goto, A. Rigamonti, D. C. Johnston, and F.
measurements by Ichikaved al. (Ref. 22 showed that the onset C. Chou, Phys. Rev. B5, 5756(1992.

of %3Cu NQR wipeout precedes the onset of charge order with?S. M. Hayden, G. Aeppli, H. A. Mook, T. G. Perring, T. E.
short-range spatial coherence By, qe for x<<0.12. Accord- Mason, S.-W. Cheong, and Z. Fisk, Phys. Rev. Lé€. 1344
ingly, we identify the onset of wipeout a$,qr hereafter. This is (1996.

the same notation which we originally used in the initial version °D. C. Johnston, Phys. Rev. Lef2, 957 (1989.

of Hunt et al. (Ref. 10 [see cond-mat/990234@npublished). 94H. Y. Hwang, B. Batlogg, H. Takagi, H. L. Kao, R. J. Cava, J. J.

We eliminated many new symbols includifig,gr, assuming Krajewski, and W. F. Peck, Jr., Phys. Rev. L&, 2636(1994.
that Tygr= Teharge fOr all concentrations. 9M. C. Chen and C. P. Slichter, Phys. Rev2B 278(1983.
82| M. Abu-Shiekah, O. O. Bernal, A. A. Menovsky, H. Brom, and %6A. P. Murani, J. Magn. Magn. Mate2, 271 (1981).
J. Zaanen, Phys. Rev. Le&3, 3309(1999. 97M. Sera, Y. Ando, S. Kondoh, K. Fukuda, M. Sato, |. Watanabe,
83The 3%.a NMR wipeout observed by Abu-Shiekat al. (Ref. S. Nakashima, and K. Kumagai, Solid State Comn.851

82) below 200 K in LgNiO,, 5 is not necessarily caused di- (1989.

rectly by charge fluctuations by themselves, though the tempera®®S. lkegawa, T. Yamashita, T. Sakurai, R. Itti, H. Yamauchi, and
ture dependence of the wipeout fraction tracks the charge order S. Tanaka, Phys. Rev. &3, 2885(1991).

parameter measured by neutron scattering quite well. Because of°T. Imai (unpublishedl

the strong hybridization of thé*%La atomic orbitals to Ni spin  1°°G. Q. Zheng, Y. Kitaoka, Y. Oda, and K. Asayama, J. Phys. Soc.
with a 3d® configuration, the magnetic hyperfine interaction be-  Jpn.58, 1910(1989.

tween Ni and La is sizable. This means that ifddspin fluctua- 101\, toh, K. Karashima, M. Kyogaku, and I. Aoki, Physical®0,
tions slow down below charge ordering.a NMR signal can 177 (1989.

be wiped out by théndirect, slowing spin mechanism caused by 1°?P. M. Singer, A. W. Hunt, T. Imai, N. Ichikawa, and S. Uchida
charge order. This scenario is particularly plausible for  (unpublishegl

La,NiO,. 5 because the application of a high magnetic field to°3J. Haase, C. P. Slichter, R. Stern, C. T. Milling, and D. G. Hinks,
detect NMR is known to cause an extra slowing down of spins Physica C341, 1727 (2000.

(Ref. 85. 1045 Fujiyama, Y. Itoh, H. Yasuoka, and Y. Ueda, J. Phys. Soc. Jpn.
843. M. Tranquada, P. Wochner, A. R. Moodenbaugh, and D. J. 66, 2864(1997.

Buttrey, Phys. Rev. B55, R6113(1997. 105H_ Hiraka, Y. Endoh, M. Fuijita, Y. S. Lee, J. Kulda, A. Ivanov,
85p. Wochner, J. M. Tranquada, D. J. Buttrey, and V. Sachan, Phys. and R. J. Birgeneau, J. Phys. Soc. JpB.853 (2001).

Rev. B57, 1066(1998. 106\\e recall the presence of an enhanced Lorentf#nT, near
86p, Butaud, P. Sgaransan, C. Berthier, J. Dumas, and C. Shlenker, Tnor due to magnetic fluctuation®Refs. 10 and 1)1 We also

Phys. Rev. Lett55, 253(1985. recall the possibility of contributions fromirect charge contri-
87J. H. Ross, Jr., Z. Wang, and C. P. Slichter, Phys. Rev. Bétt. butions to relaxation and wipeo(Refs. 10 and 11

134525-25



