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Coexistence of, and Competition between, Superconductivity and Charge-Stripe Orde
in La1.62xNd0.4SrxCuO4
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1Brookhaven National Laboratory, Upton, New York 11973

2Department of Superconductivity, The University of Tokyo, Bunkyo-ku, Tokyo 113, Japan
(Received 6 August 1996)

Previously we have presented evidence for stripe order of holes and spins in La1.62xNd0.4SrxCuO4

with x  0.12. Here we show, via neutron diffraction measurements of magnetic scattering, that similar
order occurs in crystals withx  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 demonstra
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
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Neutron scattering studies [1–7] of dynamical magne
correlations in superconducting La22xSrxCuO4 have pro-
vided important clues to the nature of electronic cor
lations within the doped CuO2 planes. The low-energy
magnetic scattering, which is characterized by the tw
dimensional antiferromagnetic wave vectorQAF  s 1

2 , 1
2 d

(measured in units2pya) at low doping, shifts to posi-
tionss 1

2 6 e, 1
2 d ands 1

2 , 1
2 6 ed, with e ø x for x . 0.05

[7]. In one common interpretation [8–11], the incom
mensurate peaks are viewed as the dynamical respon
a spatially uniform electron liquid with a nearly neste
Fermi surface. From a rather different perspective,
Q-dependent structure is taken as evidence for spatia
homogeneity associated with charge segregation [12–
or charge-density-wave correlations [15–18]. Eviden
for the latter picture is provided by our recent disco
ery [19,20] of incommensurate charge and spin order
La1.62xNd0.4SrxCuO4 with x  0.12; however, given the
claim [21] that bulk superconductivity is absent at th
composition, one might choose to argue that these res
are not directly relevant to the case of superconduct
samples.

To test the relationship between charge-stripe order
superconductivity, we have now investigated two other
concentrations,x  0.15 and 0.20. Our neutron diffrac
tion measurements on single-crystal samples revealelas-
tic incommensurate magnetic peaks for both compositio
thus demonstrating the presence of charge-stripe or
Since thex  0.20 crystal was known to be supercon
ducting from previous work [22], we decided to check t
x  0.12 and 0.15 crystals for superconductivity as we
To our surprise, zero-field-cooled susceptibility measu
ments exhibit a bulk shielding signal for all three comp
sitions. Since both the incommensurate peak splittinge

and the superconducting transition temperature vary w
x, the results strongly suggest a local coexistence of su
conductivity and stripe order. The fact thatTc decreases as
the staggered magnetization increases indicates that t
two types of order compete with one another [23]. Fu
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thermore, since the variation ofe with x in the Nd-doped
crystals is essentially identical to that obtained from rec
inelastic measurements [7] on crystals of La22xSrxCuO4,
it seems inescapable that dynamical charge-stripe corr
tions are present in the optimally doped material.

The crystals studied in this work were grown at th
University of Tokyo using the traveling-solvent floating
zone method. The transport properties of thex  0.12
and 0.20 compositions were reported several years
[22]; the x  0.15 and furtherx  0.12 crystals were
grown more recently. The neutron diffraction measur
ments on thex  0.15 and 0.20 crystals were performe
on triple-axis spectrometers at the High Flux Beam Re
tor, Brookhaven National Laboratory, utilizing cryosta
and spectrometer conditions similar to those used in
previous work onx  0.12, which is described in detail
elsewhere [19,20].

Scans through the magnetic peaks atQ  s 1
2 6 e, 1

2 , 0d
are shown in Fig. 1. Sharp elastic peaks (with resolutio
limited widths in these coarse-resolution scans) are fou
for all three Sr concentrations. The peak splitting para
eter e is distinctly different in each sample, and clear
increases withx. The temperature dependences of t
magnetic peak intensities (normalized to sample volum
are presented in Fig. 2. Both the ordering temperat
and the relative intensity (proportional to the square of t
staggered magnetization) decrease withx. The sharp up-
turn in intensity at lowT that is apparent for thex  0.20
sample is identical to that found previously forx  0.12
[19,20] and is due to ordering of the Nd moments via co
pling to the Cu ions. The Nd ordering provides a use
amplification of the Cu order.

Unfortunately there is no such incidental amplificatio
of the charge-order peaks, which were already quite we
for x  0.12. An extremely weak signal was detecte
at the expected positions2 1 2e, 0, 0d for the x  0.15
crystal at 10 K, but it was not practical to determine i
temperature dependence. No search for a charge-o
peak in thex  0.20 sample was even attempted due
© 1997 The American Physical Society
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FIG. 1. Scans alongQ  sh, 1

2
, 0d through the magnetic peaks

at h 
1

2
6 e measured on crystals of La1.62xNd0.4SrxCuO4

with (a) x  0.12, (b) x  0.15, and (c)x  0.20. Note that
the measurements are not all at the same temperature.

the small size of the crystal (,0.05 cm3) and to the weak-
ness of the magnetic signal. Nevertheless, even witho
a direct observation of charge order (or, rather, the cor
sponding lattice modulation to which neutrons are sen
tive), a modulation of the charge density is implied by th
incommensurate magnetic order. The argument beh
this assertion is as follows. The magnetic incommensu
bility indicates that there exists a modulation of either th
spin orientations (spiral order) or the spin density [24];
combination of these two is also possible. We have a
gued elsewhere [20] that the secondary ordering of the N
moments is incompatible with perfect spiral order of th
Cu spins within a plane; therefore, there must be a sp
density-wave component to the order. Symmetry allows
spin modulation with wave vectorq to couple to a charge
modulation at 2q. It follows that a charge-density modu-
lation must be present; the only real issues concern t
magnitude of the modulation and the driving mechanism
In the case ofx  0.12, the neutron diffraction data in-
dicate that the order is driven by the charge [19,20,24
There is nothing to suggest that the physics is any diffe
ent in thex  0.15 and 0.20 crystals.

To test for superconductivity in the crystals (or piece
thereof), the bulk magnetic susceptibility was measur
ut
-

i-

d
-
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-
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.
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r-

d

FIG. 2. Temperature dependence of the incommensur
magnetic peak intensity for crystals withx  0.12 (circles;
Ref. [20]), 0.15 (filled triangles), and 0.20 (squares). Inten
ties are normalized for sample volume.

with a SQUID (superconducting quantum-interferen
device) magnetometer, using a magnetic field in the ran
of 1–5 G. Attempts to measure the Meissner effect (
cooling in a magnetic field) yielded a weak paramagne
upturn atTc. On the other hand, measurements perform
after cooling in zero field (see Fig. 3) give a shieldin
signal .100% (without correction for demagnetization)
We believe that the shielding results provide reliab
evidence of bulk superconductivity in the crystals. Th
variation of Tc with x argues against associating th
superconductivity with an impurity phase.

There have been disagreements in the literature [21,
concerning the existence of bulk superconductivity
La1.62xNd0.4SrxCuO4 for x & 0.2. In particular, Büchner
et al. [21] have argued against bulk superconducti
ity on the basis of Meissner-effect and specific-he
measurements. Concerning the specific heat, it is
served in the cuprates that the jump atTc rapidly becomes

FIG. 3. Bulk magnetic susceptibility measured after coolin
in zero field, for crystals withx  0.12, 0.15, and 0.20. The
kink at 4 K for x  0.20 is attributed to hysteresis in the
magnet.
339



VOLUME 78, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 13 JANUARY 1997

6
io
o

p
u
e
u

h

a

a
t

n

tr

a
n
i-

-
e
is
-
t
u-
de

s

ls
);

tion
d

th
g

d

c-

of

us
ent
n
ly
ns.
th
he
ns

-
g-

is
e

sti-
o
ud-
ly
n

es
i-

ty
lly

gy.
w
s;
for
smeared as doping conditions deviate from optimal [2
hence, it is not surprising if a superconducting transit
is not readily apparent in specific-heat measurements
sample with a severely depressedTc. As a check on the
present single-crystal results, a series of ceramic sam
was prepared. Superconducting ceramic samples gro
to a fine powder yield volume fractions (in both Meissn
and shielding measurements) comparable to those fo
in La22xSrxCuO4 [27]. The variation ofTc with x is
compared with the single-crystal results in Fig. 4(c). T
behaviors are reasonably consistent. The values ofTc for
single crystals of La22xSrxCuO4 studied recently by Ya-
madaet al. [7] are also included (open circles).

The reduction ofTc induced by the Nd substitution
is correlated with a modification of the low temper
ture tilt pattern of the CuO6 octahedra [25]. The Nd
causes a change in the tilt direction from [110],
in the low-temperature-orthorhombic (LTO) phase,
[100], characteristic of the low-temperature-tetrago

FIG. 4. Comparison of results as a function of Sr concen
tion: (a) difference betweena and b lattice parameters in the
LTO phase measured just above the transition to the LTT ph
(b) square of the low-temperature staggered magnetization,
malized to thex  0.12 result, (c) superconducting trans
tion temperature, and (d) incommensurate splittinge. Filled
symbols: La1.62xNd0.4SrxCuO4; open symbols: La22xSrxCuO4
(Ref. [7]). Circles: single-crystal samples; diamonds: ceram
samples.
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(LTT) phase, with the transition occurring at a tem
perature of roughly 70 K. A coupling between th
tilt modulation and the charge-stripe correlations
possible only when the tilts have a [100] orienta
tion, parallel to the charge modulation. One migh
expect that the degree to which the charge mod
lations can be pinned would depend on the amplitu
of octahedral tilts. Büchneret al. [21] have shown that
a useful measure of the tilt amplitude (or actually it
square) is the maximum difference betweena and b
lattice parameters in the LTO phase. The values ofb 2 a
measured by neutron diffraction on our Nd-doped crysta
are shown as a function of Sr concentration in Fig. 4(a
for comparison, the square of the staggered magnetiza
(low-temperature magnetic peak intensity normalize
relative to thex  0.12 result) is presented in (b). The
strength of the magnetic order is clearly correlated wi
the size of the tilt modulation, consistent with the pinnin
argument. The magnitude ofTc reduction is also cor-
related with the tilt modulation. Superconductivity an
stripe order compete with each other, but also coexist.

Of course, the hole concentration also varies withx,
and this is reflected in the variation of the magneti
peak-splitting parametere, as indicated by the filled
circles in Fig. 4(d). The open circles are the results
inelastic measurements on crystals of La22xSrxCuO4 by
Yamada et al. [7]. The trends withx are essentially
identical, implying that the nature of the instantaneo
correlations in the two systems is the same. The rec
observation [6] that high-energy spin fluctuations i
La1.86Sr0.14CuO4 behave like damped spin waves certain
seems consistent with the presence of stripe correlatio
The only significant difference between the crystals wi
and without Nd appears to be the degree of pinning of t
stripe correlations. Fluctuations of the stripe correlatio
seem to be important for achieving a highTc.

Theoretically, calculations by Viertiö and Rice [28] in
dicate that charged domain walls in a doped antiferroma
net will tend to melt due to quantum fluctuations. Th
result is quite consistent with experiment: No static strip
order is observed in optimally doped La22xSrxCuO4.
Quantum melting is inhibited only when a sufficiently
strong perturbation, such as that caused by Nd sub
tution, is applied. The tendency of domain walls t
fluctuate has also been considered in other recent st
ies [29,30]. Fluctuating stripe correlations seem a like
explanation for the quantum critical behavior found i
La1.86Sr0.14CuO4 by Aeppli et al. [5].

The spatial modulation of spin and charge densiti
indicated by our results could be driven either by a Ferm
surface-induced charge-density-wave (CDW) instabili
or by frustrated phase separation. CDW order is genera
stabilized by the opening of a gap about the Fermi ener
Such a gap would seem to be inconsistent with the lo
resistivity [22] and superconductivity in these sample
furthermore, optical measurements show no evidence
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a gap in charge excitations down to 4 meV [31]. O
the other hand, in the frustrated-phase-separation m
[13,32], the chemical potential should lie within a ba
of mid-gap states, consistent with metallic behavior. (
alternative strong-correlation model with charge stripe
described in [33].)

To summarize, we have presented evidence
superconductivity and charge-stripe order coexist
La1.62xNd0.4SrxCuO4, although the order paramete
compete with one another. For a givenx, the spatial
modulation of the spin correlations is the same as
La22xSrxCuO4 [7], which indicates that the instantaneo
correlations are essentially the same in the two syste
There appears to be an intimate connection between s
correlations and superconductivity in these materials.
will be interesting to test the generality of these results
other families of cuprate superconductors.
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