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We present a neutron scattering study of stripe correlations measured on a single crystal of
Lay g7Bag.124CuU0,. Within the low-temperature-tetragondTT) phase, superlattice peaks indicative of spin
and charge stripe order are observed below 50 K. For excitation enérgied2 meV, we have characterized
the magnetic excitations that emerge from the incommensurate magnetic superlattice peaks. In the ordered
state, these excitations are similar to spin waves. Following these excitations as a function of temperature, we
find that there is relatively little change in tiigintegrated dynamical spin susceptibility fbw~ 10 meV as
stripe order disappears and then as the structure transforms from LTT to the low-temperature-orthorhombic
phase. Th&Q-integrated signal at lower energies changes more dramatically through these transitions, as it
must in a transformation from an ordered to a disordered state. We argue that the continuous evolution through
the transitions provides direct evidence that the incommensurate spin excitations in the disordered state are an
indicator of dynamical charge stripes. An interesting feature of the thermal evolution is a variation in the
incommensurability of the magnetic scattering. Similar behavior is observed in measurements on a single
crystal of La g78ag 0755.054CUO,; maps of the scattered intensity in a region centered on the antiferromag-
netic wave vector and measuredfai=4 meV are well reproduced by a model of disordered stripes with a
temperature-dependent mixture of stripe spacings. We discuss the relevance of our results to understanding the
magnetic excitations in cuprate superconductors.

DOI: 10.1103/PhysRevB.70.104517 PACS nuniber74.72.Dn, 74.81-g, 75.40.GDb, 78.70.Nx

l. INTRODUCTION surface-nesting effect8-26 This controversy is tied to the

High-T. superconductivity in lamellar copper oxides [SSue of whether charge stripe order is incompatible with
arises when a sufficient density of carriers is doped into gUPerconductivity. Itis clear experimentally that static ggder—
parent Mott insulator. Upon doping, Néel order disappeardd of charge stripes is correlated with a depressiofigf2®
but dynamic antiferromagneticAF) spin correlations sur- but are the excitations of the s_tnpe-orde_red state different in
vive and coexist with the induced superconductivity. Thusnature from those in a state without static stripe order?
the AF spin fluctuations in a doped Cu@lane are widely To address these issues, we pres?nt a neutron scattering
believed to have a fundamental connection with the underlystudy of La_,Ba,CuQ, (LBCO) with x=3. This is the mate-
ing mechanism of high, superconductivity. Extensive neu- rial in which high-temperature superconductivity was first
tron scattering measurements have revealed an intimate relgiscovere& and in which the anomalous suppressioriTgf
tionship between the incommensurdt€) low-energy spin  at x=5 was first observed®—3The difference between the
fluctuations observed in LaSrCuQ, (LSCO) (Refs. 2-4  Ba- and Sr-doped systems is associated with a subtle transi-
and the superconductivilyOn the other hand, the discovery tion from the usual low-temperature-orthorhomiictO)
of evidence for cooperative spin and charge order irstructure of LSCO to the low-temperature-tetragohdlT)
Lay 6Nd, ,Sr,CuQ, (LNSCO) provides a new perspective phase in the Ba-doped materfalThe connection between
on the charge distribution within the Cy@lanes® doped the structural transition and the appearance of charge and
charge spatially segregates into stripes that separate appin stripe order has been clearly demonstrated in the
tiphase AF domains. Such self-organized states of thé—doped La g7Bag 1254SKCUQ, (LBSCO) system3® how-
strongly correlated electrons result in a variety of interestingever, up until now, the occurrence of stripe order in pure
phenomen&® and have attracted much attention due toLBCO has not been confirmed due to the difficulty of grow-
their potential role in the mechanism of high- ing a crystal at the=3 composition®:37
superconductivity®-17 We begin our paper by presenting neutron diffraction evi-

The physics behind the IC spin fluctuations in LSCO re-dence for stripe order within the LTT phase of
mains controversial. To us, the concept of fluctuatingLa, g;8a; 1,4Cu0,, obtained using a large single crystal
striped®1provides an appealing explanation of the magnetiggrown at Kyoto University. On cooling, the transition to the
fluctuations; however, there is an alternative school ofLTT phase begins dafy,=60 K, and the magnetic and charge
thought that argues for an explanation in terms of Fermi-order superlattice peaks appear essentially simultaneously at
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T4=50 K. We then turn to the central topic, which is an Il. SAMPLE PREPARATION
investigation of the spin fluctuations for excitation energies AND EXPERIMENTAL DETAILS

in the range Zhw=<12 meV. We show that these low- Sizable single crystals of La;BagCuO, and
energy excitations, which have some characteristics of spina; g;8a, 57556 05dCUQ, Were grown by a traveling-solvent
waves within the stripe-ordered phd§&)-+*evolve continu-  floating-zone method. The feed rod was prepared by the con-
ously through the LTT-to-LTO transition. Fdfo~ 10 meV, ventional solid-state method. Dried powders of,Qg
there is relatively little change in the imaginary part of the BaCQ;, SrCQ;, and Cu0(99.99% purity were mixed with
dynamic spin susceptibility”(Q, ) through the transition, the nominal molar ratio of LgBa,S):Cu=1.875:0.125:1
while at lower energies th@-integratedy” changes from and calcined at 860, 920, and 960°C for 24 h in air with
being independent of in the ordered state to decreasing intermediate grindings. After this procedure, we added extra
linearly towards zero as—0, as it must in the disordered BaCQ; and CuO of 0.5 and 1.5 mol. %, respectively, into
state. These changes are similar to those observed for spfgicined powder in order to compensate the loss of these

waves in undoped L&uO, as one warms through the Néel components during .the folllowi'ng crystal grovyth. ' Mixed
temperaturé In the latter case, the dynamical spin correla-POWder was formed into cylindrical rods 8 mm in diameter

tions in the paramagnetic state are viewed as evidence d 150 mm in length. The rods were hydrostatically pressed

instantaneous spin correlations with the character of the Né(\?}lggttr\:ﬁ?hsg]tigerg aotsiltizosno ch: [O;_ZB‘; hclglallr : ng u?((:a:"a sol-
state but without the static ord&?’ By analogy, we take the 350 Mg in wei h;) and a L Ss'r Z.CuO. sin Ieypcr st);I
low-energy IC spin fluctuations in the LTO phase of LBCO 9 g d.88>00.12-Us SING Y

X . . . é~8 mm in diameter and 20 mm in lengths a seed rod.
to be evidence of instantaneous stripe correlations of the o crystal growth was performed using an infrared ra-

same type that become ordered in the LTT pHésBiven giation furnacg NEC Machinery Co., SC-N35HDequipped
that the nucl_ear displacements induced by charg_e order reggitn two large focusing mirrors and small halogen lamps.
resent a primary order parameter for the stripe-ordereethis combination of mirrors and lamps yields a sharp tem-
state?*® we conclude that IC spin fluctuations in the LTO perature gradient around the molten zone, which helps to
phase are evidence of dynamic charge strieBhe rel-  provide stable conditions during the grovifhBoth the feed
evance to other cuprates will be discussed. and seed rods were rotatiig0/25 rpm and counter to one

A surprising feature observed in the ordered state is @nothe) to ensure efficient mixing of the liquid and a homo-
dispersion of the inelastic IC scattering towards the AF waveyeneous temperature distribution in the molten zone. We set
vector with increasingy. This is different from the behavior the growth rate at 0.7 mm/h and flowed oxygen gas with a
that is observed for spin waves in stripe-orderedflow rate of 100 crd/min. These growth conditions are es-
La,_,StNiO,, 5952 This mystery has been resolved in a sentially the same as those used for the growth of LSCO
separate studi? where we measured the spin excitations upcrystals®® In due time, we successfully obtained a
to ~200 meV and found that their dispersion is incompatible100-mm-long crystal rod. The initial part of the grown rods
with semiclassical spin-wave thedt44 Instead, it appears (~60 mm for LBCO and~30 mm for LBSCQ, however,
that the full spectrum can be understood in terms of a moderoke into powder, possibly due to the inclusion of an impu-
of weakly coupled two-leg AF spin ladde¥s:56 rity phase such as L, anc_i/(.)'r (La,Ba,Cu,05. The .

Besides dispersing with energy, the apparent incommers@mples for magnetic SUSCthIbIlI'Fy and neutron scattering
surability 8 is temperature dependent. There is a sharp drogi€@surements were cut from the final part of the grown rod.
in § at the LTT-LTO transition and then a more gradual de_ersta_Is were subsequently annealed to minimize oxygen de-
crease with increasing temperatu@ similar result has fIC|e!']C|eS in the same manner used for LS@O
been observed recently in LNSCX). Complementary . Figure 1 shows the magnetic suscept!bll|t|es measureq us-

: . . ing a SQUID(superconducting quantum interference deyice
reciprocal-space maps of the magnetic scatteringhat : S
B . magnetometer. In the LBCO sample, the field-shielding ef-
=4 meV have been obtained at several temperatures for

fact at low temperature is smaller, and theof 4 K is lower
sample of L g7438,07550 0s6"UQ,. We show that the latter  con 006 with those reported for Cu0,3 (Here,
results can be reproduced by a disordered stripe model, wit P P 1B%.1,CUO,* ( '

. , is defined as the temperature where the extrapolated slope
a temperature-dependent average stripe period. These resulfsine low-temperature susceptibility intersects zefhese

may be of interest for interpreting the charge ordering effect$esyits demonstrate the suppression of superconductivity in
observed in BiS,CaCyOs.; by scanning tunneling spec- the present LBCO crystal. For further sample characteriza-
troscopy(ST9).19:58-60 tion, we determined the structural transition temperatures by
The format of this paper is as follows. Sample preparatiomeutron diffraction. With decreasing temperature, the crystal
and experimental details are described in Sec. Il. The resultstructure successively changes from a high-temperature-
of neutron scattering measurements and the simulationgtragonalHTT, 14/mmmsymmetry to a low-temperature-
based on the disordered stripe model which reproduce therthorhombioLTO, Bmabsymmetry phase at-250 K, and
temperature dependences of observed inelastic signal will eTO to low-temperature-tetragonélTT, P4,/ncm symme-
presented in Secs. Il and 1V, respectively. Then, we discusty) phase at 60 K[Fig. 4(a)], consistent with results ob-
the results and their relevance to understanding other cupratained previously on powder sampfé$3The former transi-
superconductors in Sec. V. Finally, our results are brieflytion temperature is especially sensitive to the Ba
summarized in Sec. VI. concentration; therefore, these results indicate that the Ba
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FIG. 1. Zero-field-cooledZFC) and field-cooledFC) suscepti- g r %8 ; §§§ |
bility of La; g7889 1,£CUO, single crystal measured at 10 Oe. ZFC 5 800 _ X Qg s} %@ '
susceptibility of Lg gBag 1/,CuQy, taken from Ref. 37, is shown as © L @ 1
a reference. oL s T
1.70 1.75 1.80
concentration in the present sample is approximately the k (r.lu.)

same as the nominal concentration. More precise Ba content

determined by chemical analysis will be presented in a sepa- FIG. 3. IC peaks fronfa) SDW order(measured along the path
rate papef® The newly grown Lag/dBa07s510,05¢"UO;  labeled Ain Fig. 2 and(b) CDW order(measured along path) &
sample(T,=9 K) shows the LTT-LTO phase transitions at La, g,Ba, 1o:CuQ,. Solid (open circles indicate measurements be-
37 K, with spin and charge order disappearing with the structow (above T

tural transition upon warming. These results are identical to

those for the sample used in our earlier elastic neutron scafjaced in the beam in order to eliminate higher-order neu-
tering study® trons. The columnar-shaped LBCO crystai8 mm in diam-
Neutron scattering measurements were performed on theer and 20 mm in lengjtwas mounted with thénko) zone
Tohoku  University triple-axis spectrometer, TOPAN, in- paraliel to the scattering plane. The measurements were per-
stalled at the JRR-3 reactor in the Japan Atomic Energy Reérprmed below 200 K using 4He-closed-cycle refrigerator.
search Institut¢ JAERI). We selected final neutron energies 1 crystal of L .gdB80,07:ST.05¢CUO, (~8 mm in diameter
Es ?f 1?'-7 meV with the collimator sequences of’GSDi) and 15 mm in lengthwas studied on the thermal-guide
-30'-30'-180°, ~and 13.5meV with 50100-60'-  triple-axis spectrometer IN22, equipped with a double-
180, for elastic and inelastic measurements, respectivelfocusing analyzer, at the Institut Laue Langevin. For those
Additionally, pyrolytic graphite and sapphire filters were measurements, we used no collimators and a PG filter was
placed after the sample, with=14.7 meV.
k In this paper, since the crystal structure of both samples at
low temperature is LTT, with an in-plane lattice constant of

CDW 3.78 A (4 K), we denote the crystallographic indices by us-
020 ing tetragonal notatiofl rlu=1.66 A™). Most of the inelas-
tic scans for Lag;Bayq,Cu0, were done alongQ
B o ® . =(0.5 k,0) (denoted as scan A in Fig),2vhich corresponds
' to a direction perpendicular to the spin and charge stripes.
Therefore, the profiles are expected to provide information
010 A on the stripe periodicity and correlation length.
1/2 .T. SDW Ill. RESULTS FOR LBCO
A. Static correlations
0 h Before investigating the spin fluctuations, we first charac-

terize the static stripe order in the LBCO sample with
=1/8. Asshown in Fig. 3, both spin-density-way&DW)

FIG. 2. Scan geometry in théhk0) tetragonal plane. Solid and charge-density-wa(€DW) superlattice peaks were ob-
squares show nuclear Bragg peaks; open and solid circles dencg€rved at low temperature, consistent with the observations
nuclear and magnetic IC superlattice peaks, respectively. for LNSCO and LBSC(;27:28:3548,64-680th the SDW and

: - >
1/2 (100
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Laj g75Bag 125Cu04, 0=0meV Laj g75Bag.125CuO4, ®=3meV
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FIG. 4. Temperature dependencegaf(100), (b) CDW, and(c)
SDW superlattice peak intensities in LgfBag 124CuU0,. 50
CDW peak widths are resolution limited, corresponding to 0 ! . .
correlation lengths,,= 150 A for the magnetic correlations 03 0.5 07
and &;,=60 A for the lattice modulations. We note that the k(rl
SDW and CDW peaks are found to be located at highly- (r° 'u°)
symmetric positions 0f(0.5+68,0.5,0/(0.5,0.5+5,0) and G 5 _ .
. . nelastic neutron scatterlng Spectra of

(2+¢,0,0), respectively, wheré=0.118 ands=0.236=25. Lay g7 1,:CUO, at (@) 30 K, (b) 48 K, (¢) 65 K and(d) 100 K at

Therefor_e, the SDW and CDW wave v_ectors are parallel OL constant energy of 3 meV. The solid lines are fits assuming four
perpendicular to the Cu-O bond directions, as found for th%quivalent peaks 40.5+5,0.5,0 and(0.5,0.55,0).

tetragonal phases of Lag\Nd,,Sr ;,Cu0,5?"2® and
Lay g7983.075500.0s1CUO,.

qun heati.ng, the intensity of t@00 superlatticg peak measured at various temperatures. In the stripe-ordered phase
associated with the LTT structure decreases rapidly abovg

: > t 30 K, the inelastic signal is peaked at the same wave vec-
50 K an(_j disappears %2_6(.) K because of the structural tors as in the elastic scan, and the width is the resolution-
change into the LTO phadéig. 4a@]. On the other hand, . : o . .
both the CDW and SDW order parameters exhibit secondl-'m'ted width. Wlth increasing temperature, the distance .be—
order-like behavior, and the peak intensities simultaneouslt een the pair of IC peaks narrows and the peak width
vanish atT4=50 K [Figs. 4b) and 4c)]. The coincident be- . . ,
havior of the two order parameters is similar to the case of Fi9ure 6 shows a similar series of scans measured at an
LBSCO but different from the result for LNSCO, where the €Xcitation energy of 6 meV. Again, sharp IC peaks are ob-
SDW order first disappears followed by the disappearance oqeryed at(0.5,0.5+0.118,p in the stnpe-ordergd .phase,.
CDW order just belowT,, upon heating:2848 In contrast while the peaks broaden and appear to merge with increasing
with the onset of the SDW and CDW orders triggered imme-teémperature. Note that the IC peaks measured Wiéh
diately by the LTT structure in LBSCE%;%8 however, T is =6 meV remain reasonably well-defined at 100 K, while the
obviously lower tharTy, in the present sample. The appar- 3 meV scan yields something closer to a single broad peak at
ently simultaneous onset of magnetic and charge order ifliS temperature. We note that th@ resolution atw
Lay 5720 124CUQ, indicates the strong correlation between=3 meV and 6 meV is comparable. Thus, the lower-energy
these two types of order; however, we note that muon—spinLC spin fluctuations more easily lose their coherence in the
rotation measuremerifson a polycrystalline sample suggest disordered state.

that true static magnetic order occurs only below 32 K. For quantitative analysis, we assume that the magnetic
excitations consist of four rods running along theaxis and
B. Dynamical correlations parametrizey’(Q, w), which is proportional to the magnetic

Next, we focus our attention on the spin fluctuations. Fig-Cross section vieS(Q,w)=(1-e"**")"1y"(Q, w), as fol-
ure 5 shows the constant-energy spectra flar=3 meV  lows:
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Laj g75Bag.125Cu04, @=6meV La; g7sBag.125Cu0y
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0.3 0.5 0.7 FIG. 7. Local spin susceptibility as a function ab in
k (I‘ l.u ) Lay g74B8g 14CUO, at (a) 8 K, (b) 30 K, (c) 65 K, (d) 100 K, and

(e) 200 K. Dashed lines are guides to the eye.

FIG. 6. Inelastic neutron scattering spectra of

Lay 7880 1,:CUO; at () 30 K, (b) 65 K, (¢) 100 K and(d) 200 K tions in a d|sorde(ed spin system. It is also quite su;ylar to
S : , What is observed in the normal state of;lggBry 1£Cu0,.

at a constant energy of 6 meV. The solid lines are fits assuming fou Ei 8 . th Its ot dthe i

equivalent peaks 0.5+5,0.5,0 and(0.5,0.545,0). igure 8 summarizes the results fgf, «, an € incom-

mensurabilitys as a function of temperature férw=3 and
. 6 meV. The temperature dependences of all parameters ex-
Y Y K hibit a sharp kink aff 4, rather than aTy, althoughy” starts
X'(Q0) = X' ()2 (Q-Qs)2+ 12 (D to decrease al; upon warming due to the disappearance of
=t on magnetic order. The changes are clearly larger at the smaller
energy, where one is more sensitive to the proximity to static
where Q;, represents the four IC wave vectors order. The jump in incommensurability &, suggests a
[(0.5£6,0.5,0/(0.5,0.545,0)], « is the peak half width at |ock-in effect, with the stripe spacing adjusting to be com-
half maximum, andy” is proportional to the integral of mensurate with the modulated lattice potential that pins the
X'(Q,w) over Q in the (hk0) scattering plane. Measured stripes in the LTT phas&. The general decrease ihwith
spectra are fitted to the above function while taking intoincreasing temperature was also seen in a recent study of
account the experimental resolution and a background |ine%’-doped LNSCCY’
in k. Figure 9 shows the frequency dependencesadnd «
Figure 7 shows the frequency dependencg/¢t) for a  evaluated at 30 K, 65 K, and 200 K. At 30 K, in the stripe-
number of temperatures. In the stripe-ordered stite8 K ordered phasej gradually decreases with increasiagEven
and 30 K), it is independent ofv, just as one would expect in the low-energy regions is slightly smaller than the value
for spin waves. In going from 30 KbelowTg) to 65 K (just  of 0.125 expected from the linear relation between the hole
aboveTy,), there is little change iry” for hiw=8 meV, but  density ands,>?” possibly due to the meandering of stripes
there is a linear decrease towards zero at lower frequencieand/or disorder in the stripe spacifig’>Above Ty, there is a
At higher temperatures, there is a gradual reduction in thgystematic shift in for all w. The dispersion of appears to
overall scale ofy”. The modest changes observed betweerhave disappeared by the time one reaches 200 K.
30 K and 65 K indicate that there is no significant change in  The peak half width« shows different behavior. At 30 K,
the nature of the fluctuations between the ordered and disoin the stripe-ordered state; increases roughly linearly in
dered states. The linear variation gf with o for low fre-  frequency. This behavior might result from unresolved dis-
quency at 65 K is what one expects to see for spin fluctuapersion of counter propagating spin-wave modes. On warm-
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= ) o 3meV (a) 0.14 T T
g 19 +\ ® 6meV 1 L i
e ~ 0.12 <_>——O-Oo-§>-Q.O_©_ _
g 05 [ b.t\ ] S o010 L -z o -]
: b e - | = # ¢ i.*\g\“é ]
b o L £ 008 | b :
0 t : . - -=1
004 I Tn “ [ (a) ¥ ki v
—_ i Ty ) - —
:; ** ,{ +//4+/ | 0 T . v v .1
= R ot ] 006 [y T
o 00 ®) (b) 0 30K
s ' ~ ® 65K
0@ : : = 004 | ~~4% + 1]I—rI:|2OOK_
4 ‘_: ~ - = — -
~ 012 g 4 . . ~
2 o010 ¢ - \3 002 +§ éji |
T 00 gy '. | Shdet
© 008 | % ﬁ\{,\ 1 0 Y a o S
N i | T 0 5 10 15
0 100 200 ® (meV)

Temperature (K)

FIG. 9. w dependence ofa) incommensurabilityd and (b)
resolution-corrected peak widthalf width at half maximum « of
IC peaks for Lag;Bay124Cu0,. Open circles denote 30-K data;
solid circles, 65 K; open squares, 200 K.

FIG. 8. Temperature dependencesgaflocal spin susceptibility
X", (b) peak width(half width at half maximum «, and(c) incom-
mensurability § at the energy transfers of 3 and 6 meV in
La; g7Pag 124CUO,. Vertical lines indicatdls; andTy,. Dashed lines

are guides to the eye.
in Q, has been subtracted, and the intensities have been cor-

ing into the disordered state at 65 I, grows by a large rectecj74f0r theQ dependence of the €l magnetic form

amount at low frequencies, but changes relatively little fori@ctor”” In order to improve the counting statistics, we have

#iw=8 meV. Now, this measurement is just along a direction@SSumed four-fold symmetry of the data abQyf and have

perpendicular to the stripes. To check for anisotropy, we alsGveraged the data over the corresponding rotations and re-

measured theQ-width of the inelastic scattering fokw  €CHONS to give Figs. 1®), 10(d), and 1Qe). (The spec-

=4 meV at 30 K and 65 K for a direction parallel to the ometer resolution used was somewhat coarse, which re-
duced the data collection time but masked any anisotropy in

stripes. At 30 K the peak widths are isotropic within experi- _ .
mental uncertainty; however, at 65 K the width perpendicu{n€ Peak widths at 40 KAs one can see, the four peaks shift

lar to the stripes is roughly twice as large as that parallel td" towardsQar on warming, eventually merging by 200 K.
the stripes. Such an anisotropy might result from fluctuations B. Model calculations
in the stripe spacing. Time restrictions prevented a more i

comprehensive investigation of the peak-width anisotropy. ~ Given the shifts in the IC magnetic peaks with tempera-
ture, we want to test how well the measurements can be

described within a stripe model and what the data tell us

IV. DISORDERED STRIPES IN LBSCO about the nature of the stripe correlations. We will assume
that theQ dependence of the low-energy fluctuations reflects
the correlations within an instantaneous configuration of dis-

In studying the Lag;dBag 07551 0s4"UO, crystal, we per-  ordered stripes. One source of disorder comes from the po-
formed mesh scans at an excitation energy of 4 meV, magsitions of the charge stripes that define the magnetic
ping out the magnetic scattering in the neighborhood ofdomains’® Given a particular instantaneous configuration of
Qar=(0.5,0.5,0 for several temperatures. All of the mea- stripes, we also expect there to be a finite spin-spin correla-
surements were in the LTO phase, where there is no statifon length. To combine these two types of disorder, we per-
stripe order. To present the results, it is convenient to chang®rmed numerical calculationgWe have also considered
to the orthorhombic coordinate systéthe system in which transverse fluctuations in the stripe positions, but found that
the mesh scans were performedhich is rotated by 45° the level of agreement with the measurements was not sen-
from the tetragonal one, with a change in the lattice paramsitive to this additional form of disorder, so we neglect it
eter toay=12a,. In this rotated systenQ - becomeg1,0,0. here)
The data are shown in Figs. ), 10(c), and 1Qe); a The numerical calculations were performed on an array of
temperature-independent background, monotonically varying28x 128 sites. The sita was assumed to have either an up

A. Experimental measurements
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FIG. 10. Mesh scans aboQ@,f for Zw=4 meV.(a), (c), and(e)
are raw data, after subtraction of backgrousee text and correc-
tion for the Cu magnetic form factor, at=45, 100, and 200 K,
respectively; panels on th? rigit),(d),(f)] were obtained from lated curves with the symmetrized data ald@g(1+h,h,0). The
those on the_left by_ averaging over _fc_)ur-fold symmetrx operatlon_sWhite circles are the same as in Fig. 10.

The white circles indicate the positions of the elastic magnetic
peaks that appear below 37 K.

FIG. 11. Simulations of the 4 meV scans, as described in the
text. (@), (c), and(e) are simulations of the mesh scansTat45,
100, and 200 K, respectivelyb), (d), and (f) compare the calcu-

data along the lin€Q=(1+h,h,0); the comparison of the

] data and simulations along this line is shown in Figgbl

or down spin, denoted blf,=+1 or -1, or a hole, denoted 13(d), and 11f). The parameter values for each temperature
by 0. Stripes of holes were taken to be straight lines of unifyre |isted in Table I. The disordered stripe model appears to
width running in they direction. The spacings between the give an adequate description of the data.

stripes were randomly selected to joer j+1 (wherej is an One key result of the modeling is that one must allow for

intege) with frequencies of the two choices set to give ang significant change in the stripe spacing from that in the
average spacind such thaj <d=j+1. For a given configu-  ordered state in order to get a reasonable fit to the data. A

ration, the scattered intensityQ) was calculated as second important conclusion regarding the stripe model is
X _ that the scattering becomes commensurate as the correlation
Q) =2 (E FnFn+m)e'Q'me_KS|m|, (2)  length[=1/(27kJ) in lattice unit§ becomes smaller than half
m n

of the stripe spacing. In this case, the magnetic scattering
comes largely from a single magnetic domain, and there is
the spatial falloff of spin-spin correlations. The calculatedﬁo longer any significant ca_ncellation at. the c_ommer}surate

) wave vector due to scattering from neighboring antiphase

intgnsity cqntain; Just a pair of peaks, sinc_e the model has domains Obviously, when the scattering becomes commen-
unique stripe orientation. To compare with the measure- ’ '

ments, we have rotated the intensity pattern by 90° and TABLE |. Parameter values determined by fitting simulations to

added ,'t to the original version. data.d is expressed in lattice units amdin rlu, both for the tetrag-
In simulating the measurements, we have not made anyn, cell.

correction for the spectrometer resolution, which dominates

where the exponential decay factor is intended to describ

the Q width of the signal at 45 K. The finite resolution, T d Ks
which is convolved with the sample scattering in reciprocal (K) (1lu)
space, effectively acts like another correlation decay factor in

real space; in ignoring the resolution, we compensate by 45 5.0£0.4 0.06+0.01
overestimating the inverse correlation length The simula- 100 5.2+0.4 0.07+0.01
tions are shown in Fig. 11. At each temperature, the param- 200 71414 0.14+0.03

etersd and ks were determined by a least-squares fit to the
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surate, there is no longer any unique signature of stripe cobehavior in La ,,Ndg ¢SrL,CuQ,, so that the abrupt change in
relations; nevertheless, instantaneous charge stripe correldre Hall coefficient likely reflects the difference in hole con-
tions are compatible with commensurate magneticcentration for dynamic stripes versus that in static stripes.
fluctuations. Recent analyses of the Hubbard model using methods be-
The values of the average stripe spacing required to derond Hartree-Fock have yielded stripe solutions that are
scribe the measurements in the disordered state are signifjuite similar to experimental observatioffs®? A first-
cantly longer than the value c£4 that is characteristic of principles calculation fo%-doped LSCO using the LDAU
the ordered state. How can we understand this? Transverseethod yields bond-centered charge striffethe superex-
fluctuations of a given stripe increase its arc lerfgth.the  change interactions calculated within the hole-poor ladders
hole density per arc length remains roughly the same as iare comparable to what we have obtained from measure-
the ordered state, then there must be more holes within eaghents of the magnetic excitations in LBCO at higher
stripe. That, in turn, implies a lower density of stripes within energie$® Thus, there is growing theoretical support for the
a CuQ plane and, hence, an increased stripe spacing. Reputoncept of stripe correlations as a natural consequence of
sive Coulomb interactions between stripes would also tend tdoping holes into an antiferromagnetic insulator. Quantum
favor increased average stripe spacings when transverse flutuctuations(and the absence of a pinning potentiglad to
tuations are important. The fact that adequate simulations ahe stripe-liquid staté?83-86
the scattering measurements do not require explicit inclusion
of the transverse meanderings may simply indicate that the A. Relevance to LSCO
spin-spin correlation length is shorter than the typical dis-

tance between transverse stripe displacements. The low-energy magnetic fluctuations found in the normal

state of LSCO(Ref. 70 look quantitatively similar to what
we have measured in the LTO phase of LBCO. Elastic IC
V. DISCUSSION magnetic peaks can be induced in underdoped LSCO at low

- . . . temperature through Zn dopifigor by applying a magnetic
Our results indicate that the spin correlations in the LTOfieId along thec axis®# The simplest explanation for all of

phase of Lagd38.1,4CuQ, are a dynamic form of the or- the these observations is that dynamic charge stripes are

dered state found at lower temperatures in the LTT phas resent in LSCO and that they can be pinned by local
The low-temperature phase is characterized by charge Stri%e?fecﬁo Y g

gg]er'e:/f/atﬁllzg&aﬁ; egcni)agﬁtsal?r[])—ergzﬂtgnh?%edthﬁassargﬁo\?vr;se Weaknesses in the Fermi-surface-nesting explanation for
th tpth i i t" q P v bel y3®9|{—' the IC spin fluctuations in LSCO have been discussed by
at the true stalic order appears only below TOM  Kivelson et all® Given the experimental evidence for the

the perspective of doped antiferromagnets, stripe order indynamic stripe phase presented here, we believe that the

volves a spatial segregation of doped holes that allows &g i g\ \rface-nesting approach is no longer tenable for in-

persistence of hole-poor, AF-insulator regions. We have 0bg eting results in LSCO. Rather than trying to explain the

tained direct evidence for the existence of a dynamic, flucy spin correlations in terms of the shape of the Fermi sur-
tuating stripe phase in LBCO. A related dyr;oagzuc stripe phasg, .o " one must strive to understand photoemission measure-
has been detected previously in,L&KNIO, "> so there is  anis of the electronic spectral function near the Fermi

a precedent for such behavior. surfac@l92in terms of the slowly fluctuating charge stripes.

I The aprupt chzngedin the idr}com;nﬁnsurggility?ghma_y ¢ The gapless spin fluctuations in the normal state of LSCO
allow an improved understanding of the striking behavior oy jicae” that the charge stripes must fluctuate quite slowly.

the Hall coefficient measured by Noda, Eisaki, and l'_k’fh'daThis raises the question of whether there is some feature of
in Lay 4<Ndo SK,CUO,. For that system, the Hall coefficient | g yhat might control the fluctuation rate. An old, but still
behaved no_rmally (Le., looked similar to cpmparably plausible, idea is that the charge stripes may couple to the
doped LSC@.'” the LTO phase, bu; Qropped rapidly towards octahedral tilt mode that is associated with the transforma-
zero on cooling through the transition to the LTT phase foryq, from the LTO to the LTT phase. This mode has an en-
x=<0.13. The behavior in the LTT phase has been explaine rgy of just a couple of me® It softens on cooling below

in terms of the response of charge stripes with a doped-holg; K, but the softening ends .94 A hardening of the

concentration of 0.5 per Cu site. For such a condition, ther%lastic constantCy;-Cy,)/2 below T, was found to be re-
is electron-hole symmetry within a stripe, and consequentl;auced by the lowering of throughcapplication of a mag-

o 6 X
the Hall coefficient should be zef8® The electron-hole netic field” Thus, it seems quite possible that charge stripes

Syr.“me”y s quite §ensitive to the hpl_e concentlration in thqn LSCO are coupled to slow LTT-like fluctuations of the
stripes, and hence it should be sensitive to the incommensil .. .

rability, which will affect the hole concentration. The jump in

the incommensurability that we observe at the structural

transition implies a jump in the hole concentration within the B. Relevance to YBCO

stripes, assuming that all holes remain in strigeésen if the There has long been a recognition of similarities in the
average hole concentration within stripes remains roughlyow-energy magnetic scattering of well-underdoped YBCO
the same due to meandering of the stripes in the disorderadith that of LSC0O%”-98and measurements to higher energies
phase, there may still be enough change to eliminate themade clear similarities to antiferromagnetic dispersitns.
particle-hole symmetry.It is reasonable to expect similar The clear identification of incommensurate magnetic scatter-
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ing at ~24meV in YB3CwOgg by Mook and relevant STS modulations do not always have a period of
co-workerst®-192 made the connection to LSCO stronger. exactly 4. The period varies slightly from sample to sample
Recent studies have provided strong evidence for stripe-likand may increase a bit with temperature. Here we point out
spin excitations in detwinned crystals of YRa5045'%  that such behavior is quite consistent with the temperature-
and for both charge and spin modulations independentincommensurability in LBCO and with the doping

YBa,CuyOg 351 dependent incommensurability in LSCO.
Objections to the dynamic stripe picture have come from
studies of spin excitations in YBCO samples closer to opti- VI. SUMMARY

mal doping!® There the excitations observed in the super- _ _
conducting state are incompatible with semiclassical spin We have presented a neutron scattering study of stripe
waves from striped-%4 An interpretation of these features order and fluctuations in single crystals of,lga32.14CuUO,
based on Fermi-surface-nesting effects has beeANd La g7dBa 0755M 056°UOs. Charge and spin stripe order
preferrec?1051960yr study of the high-energy spin excita- are observed only within the LTT phase. TReintegrated
tions in LBCO removes the objection to a stripe interpreta-dynamic susceptibility is frequency independent in the or-
tion, as the results are quite different from the predictions oflered state, consistent with spin waves; however, the spin
semiclassical spin-wave models. In fact, our results foXcitations disperse inwards towai@gg with increasing en-
LBCO show striking similarities to recent measurements or"dy in an anisotropic manner that is not expected in a semi-
YBCO samples with a range of dopin§§-1%9Thus, it ap- ~ classical model. _
pears that the dynamic stripe scenario provides a universal The IC spin excitations evolve continuously through the
approach for understanding most features of the magnetie! T-LTO transition. Foriw~10 meV, there is essentially
excitation spectrum in the two most carefully studied sys0 change in the local susceptibility through the transition,
tems, YBCO and LSCO. The magnetic resonance phenonindicating that the character of the excitations in the disor-
enon is one feature that is not yet explained by this approacﬁi_ered state is the same as in the ordered state, where the spin
There is one apparent difference between LSCO and':ncommensurab”ity is tied to the presence of Charge Stripes.
YBCO that can be explained by the dispersion of the low-Our measurements provide clear evidence for dynamic
energy spin excitations. In LSCO, the incommensurabiijity Ccharge stripes in the LTO phase. We have discussed the rel-
measured at-3 meV, varies linearly with doping up to a evance of our (esults for interpreting the magnetic excita-
hole concentratiom~ £, and it saturates ai~ = for larger ~ tlONs observed in LSCO and YBCO.
p.5 In YBCO there is a substantial spin gap that grows with
p, and hence one must measuyat relatively high energies ACKNOWLEDGMENTS
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