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Previously we have presented evidence for stripe order of holes and spingin, Né, 4, Sr, CuQ,
with x = 0.12. Here we show, via neutron diffraction measurements of magnetic scattering, that similar
order occurs in crystals with = 0.15 and0.20. Zero-field-cooled magnetization measurements show
that all three compositions are also superconducting, with the superconducting transition temperature
increasing as the low-temperature staggered magnetization decreases. These results directly demonstrate
an intimate connection between stripe correlations and superconductivity. [S0031-9007(96)02195-3]

PACS numbers: 74.72.Dn, 71.45.Lr, 75.50.Ee, 75.70.Kw

Neutron scattering studies [1—7] of dynamical magnetichermore, since the variation efwith x in the Nd-doped
correlations in superconducting 1.3 Sr,CuQ, have pro- crystals is essentially identical to that obtained from recent
vided important clues to the nature of electronic corre-inelastic measurements [7] on crystals of LgSr, CuQy,
lations within the doped CuQOplanes. The low-energy it seems inescapable that dynamical charge-stripe correla-
magnetic scattering, which is characterized by the twotions are present in the optimally doped material.
dimensional antiferromagnetic wave vec@xr = (%, %) The crystals studied in this work were grown at the
(measured in unit@7/a) at low doping, shifts to posi- University of Tokyo using the traveling-solvent floating-
tions(3 * €,3)and(s,5 * ), with e ~ x forx > 0.05  zone method. The transport properties of the- 0.12
[7]. In one common interpretation [8—11], the incom- and 0.20 compositions were reported several years ago
mensurate peaks are viewed as the dynamical responselg@]; the x = 0.15 and furtherx = 0.12 crystals were
a spatially uniform electron liquid with a nearly nested 9rown more recently. The neutron diffraction measure-
Fermi surface. From a rather different perspective, thénents on ther = 0.15 and 0.20 crystals were performed
0-dependent structure is taken as evidence for spatial if2n triple-axis spectrometers at the High Flux Beam Reac-
homogeneity associated with charge segregation [12—14¢r, Brookhaven National Laboratory, utilizing cryostats
or charge-density-wave correlations [15—18]. Evidenceédnd spectrometer conditions similar to those used in the
for the latter picture is provided by our recent discov-Previous work onx = 0.12, which is described in detail
ery [19,20] of incommensurate charge and spin order iflsewhere [19,20]. | |
Lay - «Ndy4Sr,CuQ, with x = 0.12; however, given the  Scans through the magnetic peakQat= (3 * e, 3,0)
claim [21] that bulk superconductivity is absent at thisare shown in Fig. 1. Sharp elastic peaks (with resolution-
composition, one might choose to argue that these resulténited widths in these coarse-resolution scans) are found
are not directly relevant to the case of superconductindor all three Sr concentrations. The peak splitting param-
samples. eter € is distinctly different in each sample, and clearly

To test the relationship between charge-stripe order aniicreases withx. The temperature dependences of the
superconductivity, we have now investigated two other Sfnagnetic peak intensities (normalized to sample volume)
concentrationsy = 0.15 and 0.20. Our neutron diffrac- are presented in Fig. 2. Both the ordering temperature
tion measurements on single-crystal samples reska- and the relative intensity (proportional to the square of the
tic incommensurate magnetic peaks for both compositiongtaggered magnetization) decrease withThe sharp up-
thus demonstrating the presence of charge-stripe ordeiirn in intensity at lowl" that is apparent for the = 0.20
Since thex = 0.20 crystal was known to be supercon- sample is identical to that found previously for= 0.12
ducting from previous work [22], we decided to check the[19,20] and is due to ordering of the Nd moments via cou-
x = 0.12 and 0.15 crystals for superconductivity as well. pling to the Cu ions. The Nd ordering provides a useful
To our surprise, zero-field-cooled susceptibility measureamplification of the Cu order.
ments exhibit a bulk shielding signal for all three compo- Unfortunately there is no such incidental amplification
sitions. Since both the incommensurate peak spliting ©Of the charge-order peaks, which were already quite weak
and the superconducting transition temperature vary witfior x = 0.12. An extremely weak signal was detected
x, the results strongly suggest a local coexistence of supe@t the expected positio® + 2¢,0,0) for the x = 0.15
conductivity and stripe order. The fact tatdecreases as crystal at 10 K, but it was not practical to determine its
the staggered magnetization increases indicates that thel§gnperature dependence. No search for a charge-order
two types of order compete with one another [23]. Fur-peak in thex = 0.20 sample was even attempted due to
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- ] with a SQUID (superconducting quantum-interference
300 B device) magnetometer, using a magnetic field in the range
200 B 3 of 1-5 G. Attempts to measure the Meissner effect (by
c ] cooling in a magnetic field) yielded a weak paramagnetic
N (] -
100 & @;qupbnm % upturn at7.. On the other hand, measurements performed
s : © : . after cooling in zero field (see Fig. 3) give a shielding
-I 1 I Ll l 1111 I L1 I Loyt I 1 1 H H H H
05304 05 06 07 signal }100% (without correction for demagnetlzathn).
h (rlu) We believe that the shielding results provide reliable

. _ evidence of bulk superconductivity in the crystals. The
FIG. 1. Scans alon@ = (k, 7, 0) through the magnetic peaks variation of 7. with x argues against associating the

at h = © + ¢ measured on crystals of La ,NdysSr,CuQ,  superconductivity with an impurity phase.
with (a) x = 0.12, (b) x = 0.15, and (c)x = 0.20. Note that There have been disagreements in the literature [21,25]
the measurements are not all at the same temperature. concerning the existence of bulk superconductivity in

. _ Laj6-+Ndy4Sr,CuQ, for x = 0.2. In particular, Buchner
the small size of the crystai0.05 cnm?’) and to the weak gt al [21] have argued against bulk superconductiv-

ness of the magnetic signal. Nevertheless, even witho L, on the basis of Meissner-effect and specific-heat

a direct observation of charge order (or, rather, the corre

sponding lattice modulation to which neutrons are sensilieasurements. Concerning the specific heat, it is ob-

tive), a modulation of the charge density is implied by theserved in the cuprates that the jumdatrapidly becomes
incommensurate magnetic order. The argument behind
this assertion is as follows. The magnetic incommensura-
bility indicates that there exists a modulation of either the
spin orientations (spiral order) or the spin density [24]; a -0.000 |
combination of these two is also possible. We have ar- '
gued elsewhere [20] that the secondary ordering of the Nd
moments is incompatible with perfect spiral order of the
Cu spins within a plane; therefore, there must be a spin-
density-wave component to the order. Symmetry allows a
spin modulation with wave vectay to couple to a charge
modulation at 8. It follows that a charge-density modu-
lation must be present; the only real issues concern the
magnitude of the modulation and the driving mechanism. i
In the case ofr = 0.12, the neutron diffraction data in- =0.020 ———— o e
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dicate that the order is driven by the charge [19,20,24]. Temperature (K)
There is nothing to suggest that the physics is any differ-

. _ FIG. 3. Bulk magnetic susceptibility measured after cooling
entin thex = 0.15 and 0'20, C.rysltals. . in zero field, for crystals withx = 0.12, 0.15, and 0.20. The

To test for superconductivity in the crystals (or pieceskink at 4 K for x = 0.20 is attributed to hysteresis in the
thereof), the bulk magnetic susceptibility was measurednagnet.
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smeared as doping conditions deviate from optimal [26]{LTT) phase, with the transition occurring at a tem-
hence, it is not surprising if a superconducting transitionperature of roughly 70 K. A coupling between the
is not readily apparent in specific-heat measurements ontdt modulation and the charge-stripe correlations is
sample with a severely depresséd As a check on the possible only when the tilts have a [100] orienta-
present single-crystal results, a series of ceramic sampléi®n, parallel to the charge modulation. One might
was prepared. Superconducting ceramic samples grourekpect that the degree to which the charge modu-
to a fine powder yield volume fractions (in both Meissnerlations can be pinned would depend on the amplitude
and shielding measurements) comparable to those fouraf octahedral tilts. Bichneet al.[21] have shown that
in Lap—,Sr,CuQ, [27]. The variation of7,. with x is a useful measure of the tilt amplitude (or actually its
compared with the single-crystal results in Fig. 4(c). Thesquare) is the maximum difference betweenand b
behaviors are reasonably consistent. The valuds ébr  lattice parameters in the LTO phase. The values ef a
single crystals of La ,Sr,CuQy studied recently by Ya- measured by neutron diffraction on our Nd-doped crystals
madaet al. [7] are also included (open circles). are shown as a function of Sr concentration in Fig. 4(a);
The reduction ofT,. induced by the Nd substitution for comparison, the square of the staggered magnetization
is correlated with a modification of the low tempera- (low-temperature magnetic peak intensity normalized
ture tilt pattern of the Cu@ octahedra [25]. The Nd relative to thex = 0.12 result) is presented in (b). The
causes a change in the tilt direction from [110], asstrength of the magnetic order is clearly correlated with
in the low-temperature-orthorhombic (LTO) phase, tothe size of the tilt modulation, consistent with the pinning
[100], characteristic of the low-temperature-tetragonabrgument. The magnitude df. reduction is also cor-
related with the tilt modulation. Superconductivity and
stripe order compete with each other, but also coexist.

La,q N ,Sr,.Cu0, Of course, the hole concentration also varies with

1.6—x

. oo . '”'””'””'“”'”“'””: and this is reflected in the variation of the magnetic-
< 008 (a) ] - peak-splitting parametee, as indicated by the filled
2 oot | i E circles in Fig. 4(d). The open circles are the results of
/c;)\ - ° . inelastic measurements on crystals of Lg&r,CuQ, by
& 002p B Yamadaet al.[7]. The trends withx are essentially
Y3 S I B P P IS identical, implying that the nature of the instantaneous
oE T correlations in the two systems is the same. The recent
.;\é os E (b) } 3 observation [6] that high-energy spin fluctuations in
2 6 3 E La; g6Sr.14CuQy behave like damped spin waves certainly
~ ok 3 seems consistent with the presence of stripe correlations.
S o2 F E 3 The only significant difference between the crystals with
D S PO T I P R and without Nd appears to be the degree of pinning of the
40 B TTTTTITTERITERITET T T stripe correlations. Fluctuations of the stripe correlations
c o /(no Nd) E . L .
wk (c) o ° S 3 seem to be important for achieving a high _
< £ o E Theoretically, calculations by Viertié and Rice [28] in-
. XF . . dicate that charged domain walls in a doped antiferromag-
FopE o .o o ° . 3 net will tend to melt due to quantum fluctuations. This
o Friul N T T Tt result is quite consistent with experiment: No static stripe
AR AR RN R RN RARAE order is observed in optimally doped 1aSr,CuQ,.
os () 7 e 3 Quantum melting is inhibited only when a sufficiently
o) E o8 0 ] strong perturbation, such as that caused by Nd substi-
& 010 o E tution, is applied. The tendency of domain walls to
v 005 /,5'\ 3 fluctuate has also been considered in other recent stud-
Sy f = f‘l i ies [29,30]. Fluctuating stripe correlations seem a likely
009 00 005 Of OB 020 025 030 explanation for the quantum critical behavior found in
Sr concentration, x La; g6Sr.14CuQy by Aeppliet al. [5].

FIG. 4. Comparison of results as a function of Sr concentra- The spatial modulation of spin .and (_:harge denS|t|§s
tion: (a) difference between and b lattice parameters in the indicated by our results could be driven either by a Fermi-
LTO phase measured just above the transition to the LTT phassurface-induced charge-density-wave (CDW) instability
(b) square of the low-temperature staggered magnetization, nopr by frustrated phase separation. CDW order is generally

malized to thex = 0.12 result, (c) superconducting transi- it ; ;
tion temperature, and (d) incommensurate splitting Filled stabilized by the opening of a gap about the Fermi energy.

symbols: Las_.Ndy4Sr.CuQ,; open symbols: La ,Sr,CuO, Such a gap would seem to be inconsistent with the low
(Ref. [7]). Circles: single-crystal samples; diamonds: ceramidesistivity [22] and superconductivity in these samples;
samples. furthermore, optical measurements show no evidence for
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