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We present a neutron diffraction study of charge and spin order within the CuO2 planes of
La1.48Nd0.4Sr0.12CuO4, a crystal in which superconductivity is anomalously suppressed. At low temperatures
we observe elastic magnetic superlattice peaks of the type (1/26e,1/2,0) and charge-order peaks at
(262e,0,0), wheree50.118. After cooling the crystal through the low-temperature-orthorhombic~LTO! to
low-temperature-tetragonal~LTT! phase transition near 70 K, the charge-order peaks appear first at;60 K,
with the magnetic peaks appearing below 50 K. The magnetic peaks increase in intensity by an order of
magnitude below 3 K due to ordering of the Nd ions. We show that the observed diffraction features are
consistent with stripe-phase order, in which the dopant-induced holes collect in domain walls that separate
antiferromagnetic antiphase domains. TheQ dependence of the magnetic scattering indicates that the low-
temperature correlation length within the planes is substantial (;170 Å!, but only very weak correlations exist
between next-nearest-neighbor planes. Correlations between nearest-neighbor layers are frustrated by pinning
of the charge stripes to the lattice distortions of the LTT phase. The spin-density-wave amplitude corresponds
to a Cu moment of 0.1060.03mB . The behavior of the electrical resistivity within the LTT phase is examined,
and the significance of stripe-phase correlations for understanding the unusual transport properties of layered
cuprates is discussed.@S0163-1829~96!01134-4#

I. INTRODUCTION

In trying to understand the copper-oxide superconductors,
one of the key questions concerns the interaction between the
magnetic moments associated with Cu21 ions and the
dopant-induced holes of O-2p-like character. Do the holes
and the Cu spins combine to form a spatially homogeneous
system, or is there a tendency for the charges to segregate,
leaving behind locally antiferromagnetic domains? The first
theoretical suggestions that the latter might be the case came
from Hartree-Fock1–6 and Monte Carlo7,8 analyses of the
single-band Hubbard model. These calculations yielded
striped-phase solutions in which the holes collect in domain
walls separating antiferromagnetic antiphase domains. Alter-
natively, evidence for charge segregation has been found in
studies of thet-J model and of a lattice-gas model containing
competing interactions.9–11 More recent theoretical
studies12–15 provide further support for the possibility of
charge segregation and stripe correlations.

If the holes doped into an antiferromagnetic CuO2 plane
congregate in periodically spaced domain walls that separate
antiphase magnetic domains, such correlations should be de-
tectable by neutron diffraction. For example, the locally an-
tiferromagnetic Cu spins are characterized by the two-
dimensional wave vectorQAF5(1/2,1/2) ~where the
components ofQ are specified in units of 2p/a). If the mag-
netic structure is modulated along the@100# direction with a
period ofn lattice spacings, then neutron diffraction should
detect scattering not atQAF , but instead at (1/26e,1/2),

wheree51/n @see Figs. 1~a! and 1~b!#. If a modulation along
@010# is equally probable, then one should also find peaks at
(1/2,1/26e). In fact, this is exactly what is observed16–18 in
superconducting crystals of La22xSrxCuO4. The scattering
is entirely inelastic, suggesting purely dynamical correla-
tions; however, the experimentally determined periodicity
differs from the Hartree-Fock prediction by a factor of 2, and
this discrepancy led to an initial rejection16 of the stripe-
correlation picture. Instead, the split peaks observed by in-
elastic neutron scattering have commonly been interpreted in
terms of a renormalized Fermi liquid with a nearly nested
Fermi surface.19–21

Motivation to reconsider this issue has come from studies
of stripe order22–24in the related nickelates, La2NiO41d and
La22xSrxNiO4. Following pioneering studies of magnetic
correlations25,26and charge ordering27 in nickelates with sub-
stantial hole doping, it was shown22–24that the magnetic and
charge order are mutually commensurate, with the period of
the spin modulation being twice that of the charge order, as
expected for a striped phase. The direction of the modulation
wave vectors indicates that the stripes run diagonally~i.e.,
along ^110& directions! within a NiO2 plane, in contrast to
the vertical~and horizontal! stripes that are inferred in the
cuprate case. The charge density in the hole stripes at low
temperature (;1 per Ni site! is consistent with the multi-
band Hartree-Fock calculations of Zaanen and Littlewood;28

however, in contrast to their model of holes ordering within
an antiferromagnetic background, it is now clear that the
ordering is driven by the charge, with the magnetic order
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following at a lower temperature.29–31

If stripe correlations are relevant to the cuprates, then one
might hope to pin them, either with impurities or by an ap-
propriate modulation of the lattice. One likely place to look
for such effects is the La22xBaxCuO4 system,

32,33 in which
the superconducting transition temperature is anomalously
depressed nearx'1/8. The anomaly inTc is associated with
a change in the lattice structure, from the usual low-
temperature-orthorhombic~LTO! phase (Bmab space
group! to the low-temperature-tetragonal~LTT! phase
(P42 /ncm space group!.34,35 Similar behavior is also
found36–38 in the system La22x2yNdySrxCuO4.

We recently reported39 neutron-diffraction evidence for
both magnetic and charge order in the LTT phase of nonsu-
perconducting La1.62xNd0.4SrxCuO4 with x50.12. In the
present paper we describe new measurements on the original
sample as well as on a second, newly grown crystal. After a
brief description of the experimental procedures in the next
section, the results are presented in Sec. III. There, in par-
ticular, we show scans of the temperature-dependent charge-
order peaks at (262e,0,0), and the absence of detectable
signal at (2,62e,0), consistent with a longitudinal modula-
tion of the lattice associated with the charge order.~Note that
neutrons are directly sensitive only to the atomic displace-
ments induced by the charge modulation.! The charge-order

peaks appear at a higher temperature than the magnetic
peaks, indicating that the stripe order is driven by the charge,
rather than by the spins as one might expect if a magnetic
Fermi-surface instability were involved. Below 3 K the mag-
netic intensity grows by an order of magnitude due to order-
ing of the Nd ions. From measurements of the diffuse scat-
tering alongQ5(1/22e,1/2,l ) we show that the magnetic
order is quasi-two-dimensional~2D!, with only weak corre-
lations between second-nearest-neighbor layers. The impli-
cations of these results for the superconducting cuprates are
discussed in Sec. IV.

II. SAMPLE CHARACTERIZATION
AND EXPERIMENTAL DETAILS

The crystal used in the initial work was grown by Naka-
mura using the traveling-solvent floating-zone method; the
transport properties measured on one piece of that crystal
have been published elsewhere.40 The in-plane andc-axis
resistivities are reproduced in Fig. 2~a!. One striking feature
is that the in-plane resistivity measured in the LTO phase is
nearly identical to that of a La22xSrxCuO4 crystal with the
same Sr concentration.40 Although the resistivity rises some-
what as the temperature is lowered through the transition to
the LTT phase near 70 K, it is still substantially lower at 10
K than at 300 K.~Below 10 K traces of superconductivity
are apparent in the resistivity but not in the magnetization.!
Figure 2~b! shows the inverse of the bulk magnetic suscep-
tibility as a function of temperature measured on the second

FIG. 1. ~a! Diagram of the (hk0) zone in reciprocal space.
Large filled circles, fundamental Bragg peaks; small filled circles,
superlattice peaks of the LTT phase. Open circles and squares, mag-
netic superlattice peaks from two different domains of the stripe
structure; diamonds and triangles, charge-order superlattice peaks
from the two stripe domains. Open circles and diamonds~squares
and triangles! correspond to the same domain.~b! Model for the
stripe order of holes and spins within a CuO2 plane atnh51/8.
Only the Cu sites are represented. An arrow indicates the presence
of a magnetic moment; shading of arrowheads distinguishes an-
tiphase domains. A filled circle denotes the presence of one dopant-
induced hole centered on a Cu site~hole weight is actually on
oxygen neighbors!. The charge order indicated within the stripes
has not been observed, but serves as a reminder that the hole per Cu
ratio is 1/2. A uniform hole density along the stripes is assumed in
the analysis.~c! Sketch showing relative orientation of stripe pat-
terns in neighboring planes of the LTT phase.

FIG. 2. ~a! Resistivity measured parallel to the planes,rab , and
perpendicular to them,rc . Note that rc is roughly 1000 time
greater thanrab . ~b! Inverse of the bulk magnetic susceptibility vs
temperature. Measurement was done in a 1 Tfield, with arbitrary
sample orientation. Line through points is a Curie-Weiss fit, giving
a net moment per Nd ion of 4.04mB andu59.9 K.
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crystal grown more recently by Ichikawa. As in the case41 of
Nd2CuO4, the susceptibility is dominated by the contribu-
tion from the Nd ions. A fit of the Curie-Weiss model to the
data forT.70 K ~line through data points! yields an effec-
tive moment of (4.0460.01)mB and a paramagnetic Curie
temperature of 9.9 K.

Each of the two crystals studied has a volume of;0.1
cm3 and a mosaic width of;0.2°. At 10 K, in the LTT
phase, the lattice parameters area55.341 Å andc513.08
Å. Scattering measurements on the second crystal showed it
to be essentially identical to the first crystal. Some of the
results to be presented were measured on the first crystal and
some on the second; because it makes no difference to the
discussion, we will not bother to identify which crystal was
used for each measurement.

The neutron-scattering experiments were performed on
the triple-axis spectrometers H4M, H7, and H8 at the High
Flux Beam Reactor at Brookhaven National Laboratory. In
most of the measurements, 14.7 meV neutrons were selected
using the~002! reflection of pyrolytic graphite~PG! for the
monochromator and analyzer; in a few cases, such as the
measurements of the magnetic form factor, an energy of 30.5
meV was used. Either one or two PG filters were placed in
the incident beam to minimize the neutron flux at higher
harmonic wavelengths. Relatively open horizontal collima-
tion (408-408-808-808 from reactor to detector! was gener-
ally used; exceptions will be noted when appropriate.

Most of the measurements were performed in the
(h,k,0) zone~@001# perpendicular to the scattering plane!,
although some were carried out in the (0.88h,h,l ) zone. The
samples were generally cooled with a Displex closed-cycle
He refrigerator; in a few cases, a pumped4He cryostat was
used. Temperatures were monitored with a Si diode in the
former case, and a Ge sensor in the latter.

III. RESULTS

A. Q dependence

As we showed previously,39 it is straightforward to ob-
serve the magnetic superlattice peaks at (1/26e,1/2,0) and
( 12,

1
26e,0) when the crystal is oriented in the (h,k,0) zone;

however, because of the quasi-2D nature of the scattering~to
be discussed later!, resolution effects have a dramatic effect
on the visibility of the peaks. The collimation of a triple-axis
spectrometer is generally relaxed in the vertical direction
~perpendicular to the scattering plane!, and the resolution
width for the vertical component of the momentum transfer
can easily be an order of magnitude greater than that for the
in-plane components. Because the scattering of interest has
only a small variation along@001# ~at least forT.5 K!, the
poor vertical resolution provides an enhancement by inte-
grating this signal when@001# is vertical, corresponding to
the (h,k,0) zone. This enhancement is lost when@001# is in
the scattering plane. It seems likely that this resolution effect
contributed to the lack of success in an earlier search for
magnetic order in a similar crystal.42

Figure 3 shows scans of moderate resolution through the
magnetic superlattice peaks at (1/26e,1/2,0) measured in
the (h,k,0) zone at 1.4 K, where the signal is further en-
hanced by the ordering of the Nd ions~to be discussed be-
low!. From these data we find thate50.11860.001. The

peak widths are slightly greater than resolution, and fits with
a Lorentzian line shape yield an effective correlation length
of ;170 Å along the modulation direction. Scans in the
transverse direction give a similar correlation length parallel
to the stripes.

Evidence for charge order is much more difficult to ob-
tain, and we certainly would not have found any without a
reasonable guess for where to look. Models of coupled
charge and spin order predict that one should see charge-
order-induced superlattice peaks split by (62e,0,0) about
fundamental reciprocal lattice points such as~2,0,0!. Figures
4~a! and 4~b! show scans through the position (262e,0,0) at
temperatures of 10 K and 65 K. We find structure in the
scattering at both temperatures, with the temperature-
dependent part of the signal considerably smaller than the
background; nevertheless, when we subtract the 65 K data
from the 10 K data, we find peaks, just slightly broader than
resolution, at precisely the expected positions, as shown in
Figs. 4~c! and 4~d!. ~Note that from the magnetic peak posi-
tions we expect that 2e50.236.! Besides the peaks, we also
find a temperature-dependent background that must be taken
into account in analyzing the variation of the peak intensity
with temperature.

From the stripe-order model, peaks are also allowed at
(62e,2,0), or, equivalently, at (2,62e,0). Scans through the
latter positions are shown in Fig. 5. From the difference
plots, Figs. 5~c! and 5~d!, one finds that the peak intensity is
negligible ~i.e., it is at least an order of magnitude smaller
than in Fig. 4!. The difference between the measurements in
Figs. 4 and 5 can be explained in terms of structure factors.

The atomic displacements that the neutrons detect are in-
duced by the charge modulation via the corresponding elec-
trostatic force, which should be proportional to the gradient
of the electrostatic potential due to the charge stripes. Letd
represent the magnitude and direction of the typical atomic
displacement associated with the charge order; then we ex-
pect that

F~Q!;Q•d, ~1!

FIG. 3. Elastic scans through the magnetic superlattice peaks at
Q5(1/26e,1/2,0) obtained atT51.4 K. Measured with horizontal
collimations of 108-408-208-408 and a neutron energy of 14.7 meV.
The lines through the data are fitted Lorentzians; the horizontal bar
indicates the experimental resolution.

54 7491NEUTRON-SCATTERING STUDY OF STRIPE-PHASE . . .



whereF is the structure factor for the superlattice peak at
wave vectorQ. The integrated peak intensity is proportional
to uFu2. For the stripe-order model, electrostatic consider-
ations suggest that the displacementsd should be predomi-
nantly along the modulation direction. It follows that

uF~2,2e,0!u2

uF~212e,0,0!u2
;

~2e!2

~212e!2
50.01, ~2!

consistent with experiment. Similarly, for the (262e,0,0)
peaks we expect

uF~212e,0,0!u2

uF~222e,0,0!u2
;

~212e!2

~222e!2
51.62, ~3!

while the experimental ratio is 2.160.4, giving reasonable
agreement.

B. T dependence

We have also studied the temperature dependence of the
superlattice peak intensities. For the magnetic
(1/22e,1/2,0) peak, the integrated intensity was initially de-
termined by fitting to each scan a Gaussian plus a constant
background. No significant temperature dependence of the
background was found in these fits, so, to reduce fluctuations
in the fitted peak areas associated with correlations between
peak width and the background, the fits were repeated with

the background fixed at its average value for all scans. The
results, normalized at 10 K, are represented by the filled
circles in Fig. 6.

Because of the low signal-to-background ratio for the
charge-order peaks, we evaluated their integrated intensities
in a simpler way, by just taking the area under the measured
curve and subtracting the background determined from an

FIG. 4. ~a! and~b! Elastic scans through the charge-order super-
lattice peaks atQ5(262e,0,0) atT510 K ~filled circles! and 65 K
~open circles!. ~c! and ~d! difference in intensity measured at 10 K
and 65 K. Lines through the data are fitted Gaussians.

FIG. 5. Similar to the previous figure; here the scans are through
the charge-order superlattice peak positionsQ5(2,6e,0).

FIG. 6. Temperature dependence of the superlattice peak inten-
sities, normalized at 10 K. Filled circles: magnetic peak at
(1/22e,1/2,0); open circles: results for longitudinal scans through
the charge-order peak at (212e,0,0); open triangles: transverse
scans through the same peak; solid line:~1,0,0! structural superlat-
tice peak of the LTT phase.
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average of the regions to either side of each peak. The back-
ground was evaluated at each temperature, in order to take
account of the temperature dependence of the background
that is evident in Figs. 4 and 5; this was not properly ac-
counted for in our initial study.39 Data were collected for the
(212e,0,0) peak with scans performed both in the longitu-
dinal direction along (21h,0,0), and in the transverse direc-
tion along (212e,k,0). Because of structure in the nominal
background, it is difficult to determine at what point the in-
tensities of the charge peaks reach zero; hence, we have
made the assumption that the average intensity in the LTO
phase (T>70 K! is zero. The results, normalized at 10 K, are
shown in Fig. 6.

The most significant feature of the data concerns the dif-
ferent ordering temperatures for charge and spins: the charge
orders at a higher temperature than the spins. To make this
point clear, we compare in Fig. 7 scans of the magnetic and
charge peaks at selected temperatures.@The temperatures in
Fig. 7~b! do not identically match those in Fig. 7~a! because
the measurements were made at different times with different
cryostats~although on the same crystal!.# As one can see,
there is definitely a charge-order peak at 50 K, whereas there
is no significant magnetic signal at 48 K.~The residual in-
tensity in the charge peak scan at 65 K we believe to be an
artifact.! These results indicate that the order is driven by the
charge rather than the spins, as will be discussed below.

C. l dependence of magnetic scattering

Below 3 K the magnetic intensity grows rapidly, as illus-
trated in Fig. 8. This growth is due to ordering of the Nd
moments and the development of weak correlations between
next-nearest-neighbor layers. To study the Nd ordering and
interlayer correlations, we measured the variation of the scat-
tered intensity as a function of the momentum transfer per-
pendicular to the planes. Scans along (1/22e,1/2,l ) at tem-
peratures of 4.5 K and 1.38 K are plotted in Fig. 9. The broad
diffuse scattering at 4.5 K becomes much more sharply
peaked at 1.38 K, with strong features atl50 and23. ~Note
the change in counting time by a factor of 4.!

It is possible to explain the diffuse scattering with a
simple model. We start with a single CuO2 layer in which
the Cu moments are ordered in antiferromagnetic stripes.
Each Cu site has two La neighbors along thec axis, with
apical oxygen atoms bridging the sites. 20% of the La sites
are occupied by magnetic Nd ions. The orientation of each
Nd moment is assumed to be correlated with its Cu neighbor.
The l dependence of the magnetic scattering is then de-
scribed by the structure factor~per Cu site!

F0~Q!5pCufCu~Q!1ypNdfNd~Q!cos~2p lzNd!, ~4!

wherey50.4 ~the Nd concentration per formula unit!, zNd is
the distance between a Nd and its Cu neighbor in units of
c, fCu and fNd are magnetic form factors, and

pj5mj2Q̂~Q̂•mj !. ~5!

In undoped La2CuO4, the spins lie along a@110# direction
43

as the result of competition between several very weak

FIG. 7. ~a! Scans through the (1/22e,1/2,0)
magnetic peak at temperatures of 11, 48, and 63
K. ~b! Transverse scans through the (212e,0,0)
charge-order peak at temperatures of 20, 50, and
65 K.

FIG. 8. Temperature dependence of the (1/22e,1/2,0) magnetic
peak intensity below 5 K. The intensity is normalized to the value at
10 K.
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energies.44 However, the rapid falloff of diffuse intensity in
Fig. 9~b! as a function ofu l u indicates that the dominant
contribution comes from spin components aligned along
@001#. To take these points into account and simultaneously
limit the number of fitting parameters, we allow for compo-
nents of the Cu moment alongc (mCu,') and along@110#
(mCu,i), while the Nd moments are assumed to be completely
along c. The scattered intensity should be proportional to
uF0u2, where, after averaging over possible domain struc-
tures, we have

uF0u25pCu,i
2 fCu

2 1@pCu,' fCu1ypNdfNdcos~2p lzNd!#
2. ~6!

To quantitatively describe the structure observed at 1.38
K, it is also necessary to consider correlations between lay-
ers. We expect that correlations should only be possible be-
tween next-nearest-neighbor~NNN! layers, because the ori-
entation of the antiferromagnetic stripes should rotate by
90° from one layer to the next@see Fig. 1~c!#, following the
structural distortion pattern of the LTT phase.39 Correlations
between NNN layers could be induced by pairs of bridging
Nd ions. To describe correlations that decay exponentially
with distance we make use of the formula45,29

uFu25uF0u2
12t2

11t222tcos2p l
, ~7!

wheret5exp(2c/j).
To fit the data, theoretical magnetic form factors for Cu

and Nd were used,46,47and the value ofzNd ~0.36! was taken

from a neutron powder diffraction study.33 The intensities
calculated with Eqs. ~6! and ~7! were corrected for
l -dependent resolution effects. Least-squares fits to the data
are indicated by the solid lines in Fig. 9, and the parameter
values obtained from the fits are listed in Table I.

Looking at Table I, we see that, while the net Cu moment
shows essentially no change, the ordered Nd moment grows
by a factor of 8 on cooling from 4.5 to 1.38 K. As the Nd
moment grows, the Cu spins~on average! rotate out of the
plane, and interplanar correlations grow. While the tempera-
ture dependence of the magnetic scattering shown in Fig. 8
suggests that most of the Nd ordering occurs below 3 K, it is
interesting to note that the Nd moment is still finite at 4.5 K.

D. Effective magnetic form factor

As another check on the magnetic scattering, we mea-
sured the integrated intensities for a number of (hk0)-type
magnetic reflections at a temperature of 1.4 K using 30.5
meV neutrons. For the model of magnetic order discussed
above, we can extract from the structure factors an effective
magnetic form factor given by

f eff5F 12mCu,i
2 fCu

2 1~mCu,' fCu1ymNdf Nd!
2

1

2
mCu,i
2 1~mCu,'1ymNd!

2
G 1/2

. ~8!

The solid line in Fig. 10 shows the effective form factor
calculated using the theoretical form factors and the experi-
mentally determined moment ratios from Table I~1.38 K

FIG. 9. Out-of-plane scans of the magnetic scattering along
Q5(1/22e,1/2,l ) measured at temperatures of~a! 4.5 K and~b!
1.38 K. The background signal has been subtracted from the data.
The lines through the data represent fits to a model discussed in the
text. Note that the counting time for~a! is four times greater than
for ~b!.

TABLE I. Parameter values obtained in fitting thel -dependent
diffuse magnetic scattering, as discussed in the text. Here
mCu5(mCu,i

2 1mCu,'
2 )1/2.

T mCu(T)
mCu(1.38K)

mCu,'

mCu,i

mNd

mCu

j

c

1.38 K 1.0 0.9760.07 3.960.4 0.5560.07
4.5 K 1.160.2 0.3760.07 0.560.1 0.2860.17

FIG. 10. Structure factors of the magnetic (hk0) reflections
measured atT51.4 K ~circles! normalized to the calculated effec-
tive magnetic form factor~line!.
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results!. The circles with error bars indicate the values ob-
tained from the measured structure factors, normalized to the
calculation. The data and the calculation are reasonably con-
sistent forQ.2 Å21. The deviation at smallQ might indi-
cate that there is some net spin density on O sites. The form
factor for O falls off much more rapidly withQ than those
for Cu and Nd, and if the O spin density is antiparallel to the
Cu and Nd, the O contribution would subtract from the net
Cu-plus-Nd form factor. A net spin density might be induced
on an apical oxygen site bridging Cu and Nd sites.

We have assumed to this point that the component of the
Cu spin in the plane is along a@110# direction. It is possible
that the in-plane component could lie along a different direc-
tion. For example, in antiferromagnetic La1.65Nd0.35CuO4
the spin direction is along@110# when the crystal has the
LTO structure, but below 76 K, where the space group
changes toPccn, it has been argued that the spins may ro-
tate towards a@100# or @010# direction.42,48~Note that there is
also evidence42 for a canting of the Cu spins that results in a
net ferromagnetic moment in the low-temperature phase,
with a possible Nd contribution below;20 K.! In our pre-
vious paper,39 we drew a diagram of the stripe order suggest-
ing a spin direction transverse to the direction of the charge
modulation, by analogy with the nickelate case; however,
putting the in-plane component along@100# or @010# results
in a substantial modulation of the effective form factor as a
function ofQ that is incompatible with the data.

E. Size of the ordered Cu moment

The average ordered Cu moment,mCu, can be evaluated
directly from the intensity of the magnetic scattering. For
this purpose, we have used the integrated intensities of mag-
netic (hk0) peaks measured at 1.4 K that were discussed
above. The structure factors extracted from the intensities
should correspond to

uFu25
1

4
AS r 0

2mB
D 2u2Fu2, ~9!

whereA is a scale factor dependent on sample volume,r 0 is
equal to 0.539310212 cm, andu2Fu2 is given by Eqs.~6!
and~7!, with an extra factor of 2 included to account for two
Cu atoms per plane within an LTT unit cell. The factorA is
determined from a fit to measured intensities for seven fun-
damental nuclear Bragg peaks, allowing for extinction
~which is substantial for the strongest peaks!.49 One compli-
cation is that the nuclear peaks are true Bragg peaks, while
the magnetic scattering is extended alongl . To take account
of this, we have multiplied thel -dependent line-shape func-
tion in Eq. ~7! by the known vertical resolution function and
integrated; using the result, we make the replacement

u2Fu2→0.5u2F0u2. ~10!

For the form factors in Eq.~6!, we use values consistent with
the normalization shown in Fig. 10; the other parameters are
taken from Table I. Putting all of the numbers together, we
find mCu50.1060.03mB .

Our measurement of the average ordered momentmCu
only provides a lower limit for the local momentm̃Cu on an
individual Cu site. Fluctuations of the spin direction, which

one might expect to be important in the present case of
quasi-2D order, would reduce the average moment compared
to the local value. This effect can be expressed as
mCu5 f m̃Cu with 0, f,1. An alternative way to measure
m̃Cu is to compare it with the Nd moment. For Nd we expect
thatmNd5 f 8m̃Nd with f 8< f . The factorf 8 for Nd can be no
greater than the factorf for Cu because each Nd can order
only through its interaction with Cu moments. From these
relationships, one finds that

m̃Cu5
f 8

f

mCu

mNd
m̃Nd. ~11!

The ratiomNd /mCu has already been determined experimen-
tally from the l dependence of the magnetic scattering, and
the local Nd moment can be estimated from the susceptibility
measurements. If the orientation of each Nd spin was per-
fectly correlated with the nearest-neighbor Cu spin, then we
would havef 8/ f51 and could directly evaluatem̃Cu. It is
unlikely that we reached such a state of perfect correlation in
our experiment, since the intensity of the magnetic scattering
had not saturated at the lowest measurement temperature;
nevertheless, we can determine an upper limit for the local
Cu moment by using Eq.~11! and settingf 8/ f51.

The effective Nd moment of 4.04mB obtained from the
Curie-Weiss fit to the susceptibility corresponds to

mNd
eff5^m̃Nd

2 &1/25gAJ~J11!mB , ~12!

whereas the local moment should correspond to
m̃Nd5gJmB . Scaling the effective moment byAJ/(J11),
with J59/2, gives m̃Nd'3.7mB . Combining this with the
1.38 K resultmNd /mCu53.9 ~see Table I!, we get the upper
limit m̃Cu50.95mB , which is essentially the full moment for
anS51/2 ion.

IV. DISCUSSION

A. Magnetic order

The elastic neutron-diffraction peaks at positions of the
type (1/26e,1/2,0) provide clear evidence of magnetic order
in the CuO2 planes below;50 K in the LTT phase. Analy-
sis of the intensities of (hk0) reflections yields an effective
form factor with aQ dependence that is consistent with mag-
netic scattering. The ordering of the Nd moments at low
temperature provides a useful confirmation of the nature of
the order. The Nd ions by themselves are too dilute to drive
magnetic order, let alone an incommensurate ordering; how-
ever, by following their Cu neighbors they are able to am-
plify the magnetic signal.

In representing the magnetic order in Fig. 1~b! we have
assumed that it is the amplitude of the spin density that it is
modulated. Alternatively, it is possible in principle that the
spin density might be constant while the direction of the spin
is modulated. In particular, one could imagine the orientation
of the spins rotating from one row to the next along the
modulation direction, thus yielding a spiral order. Spiral
phases of the doped antiferromagnetic planes were originally
proposed for the cuprates based on mean-field analyses of
the t-J model.50,51 It has since been shown that the spiral
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phase is unstable towards the formation of an inhomoge-
neous state involving charged domain walls.52–54 ~The do-
main walls are a form of phase separation, a tendency for
which had previously been predicted.55,56! Despite theoreti-
cal difficulties with spiral order, it is worthwhile to consider
whether it is possible to distinguish experimentally between
a density modulation and an orientation modulation.

In the case of stripe order in La2NiO4.125, it was possible
to rule out a spiral modulation based on an analysis of mag-
netic peak intensities.24 The diagonal orientation of the
stripes made it possible to show that the spins are all aligned
transverse to the modulation direction. Unfortunately, the
^100& modulation directions prevent one from making such a
distinction in the cuprate. We can, nevertheless, draw a par-
tial conclusion based on the ordering of the Nd moments. At
4.5 K and above, the Cu spins lie close to the CuO2 planes.
If the magnetic modulation involved a spiral of the in-plane
spin components, then all Nd ions would see the same local
field, and hence thec-axis-oriented Nd moments would
never couple to the modulation. The fact that the Nd mo-
mentsdo couple to the magnetic modulation is proof that the
order is not an in-plane spiral. We cannot, however, rule out
a spiral with an out-of-plane component~although we con-
sider it unlikely!.

Although the magnetic scattering consists of sharp peaks
in the (hk0) zone, it is diffuse alongl , indicating that the
order is quasi-2D. Our analysis indicates that the maximum
ordered Cu moment is 0.10mB , 20% of the moment found
in three-dimensionally ordered La2CuO4. If the Cu moments
are considered to have a Heisenberg coupling, then, given
the quasi-2D nature of the order and the importance of zero-
point spin fluctuations, one may consider the observed mo-
ment to be rather substantial. On the other hand, the Nd
moments may provide an important source of anisotropy
necessary to allow static 2D spin order, and the significance
of this anisotropy for limiting Cu spin fluctuations is not
known.

Another measure of the magnetic moment is given by
muon spin-rotation (mSR! spectroscopy. Recent mea-
surements57 on one of the La1.48Nd0.4Sr0.12CuO4 crystals
indicate an average hyperfine field comparable to that
measured58 in La1.875Ba0.125CuO4, and about 80% of the
field observed59,60 in stoichiometric La2CuO4. Assuming
that the muons sit at similar sites in all of these compounds,
themSR results imply a local ordered moment of;0.4mB .
@Note that the observation of a larger moment bymSR ~a
local probe! than that found by neutron diffraction~which
averages over the entire sample! is consistent with the trend
found59,60 in weakly doped La2CuO4.# Such a large moment
would be difficult to explain starting from a weak-coupling
spin-density-wave model.

B. Charge order

The observation of superlattice peaks at (262e,0,0) dem-
onstrates that there is a modulation of the lattice that is
coupled to the magnetic order. Although their intensities are
extremely weak, the peaks appear at precisely the expected
positions, and exhibit a reasonable temperature dependence.
If 2 e were equal to 0.25, then, ignoring the temperature de-
pendence of the intensities, one might be tempted to attribute

the observed peaks to scattering by neutrons withl/4. The
fact that 2e50.236 rules out this possibility. We believe that
the observed peaks are direct evidence for charge order.

To be consistent with the magnetic scattering, the charge-
order correlations should be two dimensional. So far we have
only indirect evidence for this: the (262e,0,0) peaks are
detectable in the (hk0) zone, but not when we rotate the
crystal so thatc* is in the scattering plane. For 2D correla-
tions, the scattering should be independent ofl , and in the
(hk0) zone@00l # is in the vertical direction. The momentum
resolution in the vertical direction is an order of magnitude
more coarse than in the horizontal plane, which allows an
effective partial integration of the 2D scattering in the
(hk0) configuration that is lost whenc* is rotated into the
horizontal plane.

A proper analysis of the atomic displacements associated
with the charge order would require experimental structure
factors for many more superlattice peaks; nevertheless, we
can make a rough estimate of the magnitude of the displace-
ments implied by our observations. Let us assume that the
displacements involve only breathing motions of the in-plane
oxygens, and that their motion is parallel to the modulation
wave vector. Then, if the magnitude of the displacement
wave ~in Å 21) is denoted byDrO, we find that

uF~212e,0,0!u2

uF~2,0,0!u2
50.081~DrO!2. ~13!

To obtain an experimental ratio, it is necessary to correct the
~2,0,0! intensity for substantial extinction, and to account for
the partial integration of the 2D charge-order scattering; do-
ing so, we obtain

uF~212e,0,0!u2

uF~2,0,0!u2
5~1.660.3!31026. ~14!

The estimated magnitude of the O displacements is then
DrO'0.004 Å. This value may be compared with
DrO50.018 Å found24 in La2NiO4.125. The smaller dis-
placement in the cuprate is consistent with the lower charge
density in the hole stripes compared to the nickelate and with
the theoretical expectation28 of a weaker electron-phonon
coupling than in the nickelates.

It is not possible to directly obtain the degree of charge
modulation from the estimated displacement. We can gain
some perspective on the problem, though, by comparing with
the change in the Cu-O bond length in La22xSrxCuO4 due
to doping. On changingx from 0 to 0.15,rCu2O is found

61,62

to decrease by 0.016 Å. If the stripe phase consists of hole-
rich and hole-poor domains, then one might expect
DrO;DrCu2O, and we find this to be roughly the case.

The observation that the charge ordering occurs at a
higher temperature than the spin ordering says a great deal
about the driving force for the order. Using a simple
Ginzburg-Landau free-energy argument involving the charge
and magnetization densities, Emery and Kivelson63 have
shown that there are two possible scenarios. If the magneti-
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zation density orders first, then the charge density will follow
at the same temperature, with the charge order parameter
varying as the square of the magnetization. This situation
describes chromium.64 Alternatively, if the charge density
orders first, then the magnetization need not order at the
same temperature, as we observe in the cuprate.

Charge-driven order is not consistent with the standard
proposals for an instability associated with the Fermi surface.
In the renormalized-Fermi-liquid scenario, one would expect
the spin susceptibility to diverge first. Instead, it appears that
the holes segregate first, which results in hole-free domains
that allow for local antiferromagnetic order at a lower tem-
perature. It is now clear that the stripe-phase order in
La2NiO41d and La22xSrxNiO4 is also charge driven.29–31

One feature of the stripe order that we have not discussed
is the shape of the domain walls. The superlattice peaks that
we have observed only provide information about the first
Fourier component of the charge and spin densities. Possible
deviations from a sinusoidal modulation must be determined
from higher harmonics. A quantitative analysis of such
higher harmonics has been performed for the case of stripe
order in La2NiO41d , where it is found that sharp domain
walls result in very weak harmonics~on the order of 1% of
the first harmonic!.30 Detecting higher harmonics will be a
much greater challenge in the cuprates.

Given the weakness of the charge-order peaks, it is cer-
tainly desirable to characterize them with other techniques,
such as electron and x-ray diffraction. Electron-diffraction
studies so far have been unsuccessful in detecting the
peaks.65 Electron scattering should certainly be sensitive to
charge ordering; however, before one jumps to any hasty
conclusions, it is worthwhile to consider the detection prob-
lem quantitatively. With neutrons, we find that the intensities
of the charge-order peaks, relative to fundamental reflec-
tions, are more than 200 times weaker than the strongest
charge-order peak observed24 in La2NiO4.125. Detection re-
quires careful attention to minimizing background and taking
advantage of the temperature dependence of the signal. In the
nickelate, the oxygens undergo the largest displacements,
and we expect the same to be true in the cuprate. Neutrons,
which scatter from nuclei, have comparable sensitivity to all
of the elements in both compounds, whereas the scattering of
electrons and x rays is dominated by the high-Z elements.
Thus, one does not automatically gain sensitivity by using a
technique that scatters from the electron density.

Before concluding this section, it seems worthwhile to

comment on recent reports of (1
2

1
2 0)-type superlattice re-

flections in electron-66 and x-ray-67 diffraction studies of
La22xBaxCuO4 and La22xSrxCuO4. In one case, the obser-
vation of such peaks was interpreted as evidence for a
charge-density wave.66 We have also observed surprisingly

strong scattering at (12
1
2 0); however, we were able to es-

sentially eliminate all of the signal at this point by tuning the
neutron wavelength.@An example of a scan through

( 12
1
2 0) made after tuning the wavelength is shown in Fig.

3~b! of Ref. 39.# The dramatic sensitivity of the scattered
intensity to the wavelength indicates that the reflection~in
our case, at least! is due to multiple scattering. The likeli-
hood that multiple scattering is important in the other studies
should be carefully considered.

C. Resistivity

One would expect charge segregation and ordering to
have a substantial impact on the electrical resistivity. Thus, it
is of interest to reexamine the resistivity data in light of the
diffraction results. To do so, we have attempted to fit the
temperature dependence of the resistivity in the LTO phase
with simple functional forms. For the in-plane resistivity,
data corresponding toT.150 K were fit to the form

rab~LTO!5a1bT, ~15!

as indicated in the inset of Fig. 11. After extrapolating the
curve to low temperature and subtracting from the raw data,
we get the difference shown in the main panel of Fig. 11.
Note that the resistivity in the LTO phase begins to deviate
from linearity below 140 K, and the steplike jump near 70 K
corresponds to the structural transition. Surprisingly, we find
that the resistivity in the LTT phase is fit rather well by

Drab[rab2~a1bT!5c1 ln~T0 /T!. ~16!

The deviation below 15 K is associated with the residual
superconductivity. The ln(T0 /T) behavior is reminiscent of
the low-temperature normal-state resistivities found in
La22xSrxCuO4 by Andoet al.

68 when the superconductivity
is suppressed by application of a 61 T magnetic field. In the
present case, we believe that superconductivity is suppressed
due to pinning of the stripe-phase charge and spin correla-
tions due to the LTT distortion. The details ofrab should not
be over interpreted becauserab measured on Ishikawa’s
crystal shows some quantitative difference from Nakamu-
ra’s. The most significant observation is the lack of any sign
of the charge-ordering transition. A proper comparison with
the findings of Andoet al.68 requires measurements in a

FIG. 11. In-plane resistivity data~points!, after subtracting lin-
ear fit to T.150 K data, plotted vs lnT. The solid line indicates
ln(T0 /T) behavior. Inset: Original data, showing linear fit and ex-
trapolation~solid line!.
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magnetic field, and the results of such measurements will be
reported in the near future.69

For the out-of-plane resistivity, we fit the LTO data to the
function

rc~LTO!5d1
ln~T08/T!

T
, ~17!

as shown in the inset of Fig. 12. Subtracting the extrapolated
fit from the data gives the points shown in the main panel of
Fig. 12. In the LTT phase, below the jump at;70 K, the
behavior ofDrc has some similarity to the temperature de-
pendence of the charge order parameter shown in Fig. 6.
Further work is required to establish a clear connection be-
tweenDrc and the charge ordering; nevertheless, the greater
sensitivity of rc to correlations within the planes has also
been seen in YBa2Cu3O72y in association with the ‘‘spin-
gap’’ behavior.70

D. Significance

The observation of stripe order in La1.48Nd0.4Sr0.12CuO4 is
important because of its connection with the inelastic mag-
netic scattering found16–18 in La22xSrxCuO4. TheQ depen-
dence of the magnetic scattering in the two systems is essen-
tially identical. While the corresponding charge correlations
are not directly evident in the metallic cuprates, we have
provided evidence that the magnetic correlations in the Nd-
doped compound are the result of charge segregation. We
suggest that the only difference between the charge and spin
correlations in these various compounds is that they can be-
come pinned to the lattice in the LTT structure, whereas they
remain purely dynamical in the LTO phase. The pinning in
the LTT phase is easily rationalized. The pattern of tilts of
the CuO6 octahedra within the CuO2 planes of the LTO
structure forms diagonal stripes, whereas the tilt pattern in
the LTT phase consists of horizontal stripes that rotate by
90° on going from one layer to the next.~Besides the tilt

modulation, there is also a difference in Cu-O bond lengths
along orthogonal directions within the CuO2 planes in the
LTT phase.71! The horizontal lattice-distortion pattern in the
latter case is oriented parallel to the charge stripes. If the
period of the charge stripes is commensurate with the lattice
distortion, then one expects pinning.

The observed value of the peak splitting parameter,
e50.11860.001, is quite close to the commensurate value
of 1/8. The difference can be attributed to discommensura-
tions. If we consider a model with narrow charge stripes,
then the pattern of discommensurations can be understood in
a simple way. For the model structure shown in Fig. 1~b!
corresponding toe51/8, the spacing between charge stripes
is 4a; however, if every fourth spacing is reduced from 4a to
3a, then the corresponding value ofe is 0.1176.

Pinning of the charge and spin stripes in the LTT phase is
associated with the suppression of superconductivity. Bu¨ch-
ner et al.37 have found a rather intriguing competition be-
tween superconductivity and the LTT phase in La1.852yNd
ySr0.15CuO4. Could this indicate, indirectly, a competition
between superconducting and stripe-ordered ground states?
The magnetoresistance measurements on La22xSrxCuO4 by
Ando et al.,68 in which an ‘‘insulating’’ phase is obtained
when superconductivity is suppressed with a magnetic field,
lend encouragement to such speculations. Such a possibility
deserves further investigation.

Dynamical charge segregation with a stripe morphology
is clearly a type of correlation that must be taken into ac-
count before transport properties can be understood. Stripe
correlations may be responsible for the lack of resistivity
saturation at high temperatures, a feature that is not compat-
ible with quasiparticle transport.72,73Several studies have be-
gun to address the problem of stripe dynamics74,75 and the
effect of phase separation instabilites on charge scattering.13

It has been shown76 that the photoemission features calcu-
lated for a model of disordered stripes~intended to represent
slowly fluctuating stripes! is consistent with experiments on
Bi 2Sr2CaCu2O81d . A stripe-phase model has also been
used77,78 to model the decrease of magnetization and Ne´el
temperature with doping for smallx in La22xSrxCuO4.

Many of the analyses mentioned in the previous para-
graph take a charge-stripe phase as a starting point. There
still remain questions concerning the observed charge den-
sity ~one hole per two Cu sites! within the stripes. Zaanen
and Oles´15 have recently shown that for such a density to be
explained by a Hartree-Fock treatment of the Hubbard model
there must be a quadrupling~as opposed to a doubling! of the
period along the stripes. Such a model predicts extra super-
lattice peaks that should be rather weak. Experimentally, a
careful search for the predicted peaks has not yet been per-
formed. Alternatively, inclusion of quantum fluctuations
and/or the long-range part of the Coulomb interaction may
be necessary.9,13
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FIG. 12. Resistivity along thec axis, after subtracting
d1 ln(T08/T)/T contribution fit to LTO regime. Inset: Original data
~points! and fit to the LTO regime~solid line!.
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