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Effect of a magnetic field on the spin- and charge-density-wave order
in La1.45Nd0.4Sr0.15CuO4
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The spin-density wave ~SDW! and charge-density wave~CDW! order in superconducting
La1.45Nd0.4Sr0.15CuO4 were studied under an applied magnetic field, using neutron and x-ray diffraction tech-
niques. In zero field, incommensurate~IC! SDW order appears below;40 K, which is characterized by
neutron diffraction peaks at (1/260.134,1/260.134,0). The intensity of these IC peaks increases rapidly
below TNd;8 K due to an ordering of the Nd31 spins. The application of a 1 T magnetic field parallel to the
c axis markedly diminishes the intensity belowTNd , while only a slight decrease in intensity is observed at
higher temperatures for fields up to 7 T. Our interpretation is that thec-axis field suppresses the parasitic Nd31

spin order at the incommensurate wave vector without disturbing the stripe order of Cu21 spins. Consistent
with this picture, the CDW order, which appears below 60 K, shows no change for magnetic fields up to 4 T.
These results stand in contrast to the significant field-induced enhancement of the SDW order observed in
superconducting La22xSrxCuO4 with x;0.12 and stage-4 La2CuO41y . The differences can be understood in
terms of the relative volume fraction exhibiting stripe order in zero field, and the collective results are consis-
tent with the idea that suppression of superconductivity by vortices nucleates local patches of stripe order.

DOI: 10.1103/PhysRevB.67.184419 PACS number~s!: 74.72.Dn, 75.30.Fv, 75.50.Ee
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I. INTRODUCTION

Incommensurate~IC! magnetic correlations are one of th
fascinating characteristics of the hole-doped high-Tc super-
conducting material La22xSrxCuO4 ~LSCO! and related
compounds.1 Dynamic IC correlations in superconductin
LSCO have been observed using neutron scattering t
niques near the optimal doping concentrationx50.15.2–4 It
was later established that the optimized superconduc
transition temperature is inversely proportional to the IC s
tial modulation period at a given Sr~hole! concentrationx,5

suggesting that the superconductivity and incommensura
ity are closely related with each other. On the other ha
static IC spin correlations have been extensively studied
La22x2yNdySrxCuO4 ~LNSCO!. This was initially because
of interest in the so-called 1/8 anomaly, which refers to
suppression of superconductivity in La22xBaxCuO4 ~LBCO!
at x51/8, that is accompanied by the appearance of the l
temperature tetragonal~LTT! P42 /ncm structure.6

Nd-doping in LSCO stabilizes the LTT structure over
wide range ofx, and significantly suppressesTc . During
neutron scattering experiments on LNSCO with 0.08<x
<0.20 and y50.4, Tranquadaet al.7–10 observed elastic
magnetic peaks at tetragonal positions (1/26e,1/26e,0)
that are almost identical to those of the inelastic IC pe
found in superconducting LSCO. They explained this sta
feature in terms of a two-dimensional~2D! stripe model in
which hole-free antiferromagnetic~AF! regions are separate
0163-1829/2003/67~18!/184419~6!/$20.00 67 1844
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by one-dimensional stripes of hole-rich regions. Thus, th
model places both spin-density-wave~SDW! and charge-
density-wave~CDW! orders on the CuO2 planes. Since the
charge stripes become the antiphase boundaries of the
regions, the magnetic modulation period is twice that of
charge density modulation. In fact, additional satellite pe
were observed by both neutron8,10 and x-ray11,12 diffraction
techniques in LNSCO around the nuclear Bragg peaks
(262e,0,l ) due to the charge density modulation, consist
with the stripe model as well as with more general coup
SDW and CDW models. Following these experiments,
same type of SDW order has been observed by neutron s
tering in LSCO samples withx50.12 ~Refs. 13 and 14! and
in oxygen-doped stage-4 La2CuO41d @LCO(d)#.15 Surpris-
ingly, no charge order peaks have been detected yet in t
materials. In all of the above cases, the between-plane co
lation length of the SDW order is of order or less than o
lattice constant.

Since the stripe structure contains magnetic order, the
fect of an external magnetic field on the stripe should p
vide important information about its nature. To date, a f
neutron scattering experiments have been carried out u
magnetic field to investigate the effects on the SDW orde
LSCO with x50.12 ~Ref. 16! andx50.10,17 and in stage-4
LCO(d).18,19 All of these measurements show qualitative
consistent behavior, with the SDW peaks being substanti
enhanced by applying a field perpendicular to the Cu2
planes. Possible explanations of the enhancement of
©2003 The American Physical Society19-1
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SDW peaks have involved suppression of spin fluctuation
competing superconducting and AF order20–25 whose physi-
cal origin is the suppressed superconductivity together w
the enhanced AF order in the vortex cores. However,
effects of a magnetic field on the stripe order itself rem
unclarified.

In the present experiment, we have studied the effect o
applied magnetic field on the stripe order in superconduc
La1.45Nd0.4Sr0.15CuO4. The stripe order at this particula
composition has previously been characterized by neut9

and x-ray12 diffraction and by the zero-field muon-spin
relaxation (mSR) technique,26 and the superconductivity
has been characterized by high-field magnetizat
measurements27 and by transverse-fieldmSR.26 We find that
while an applied magnetic field of,1 T is sufficient to sup-
press the parasitic ordering of Nd31 moments at the SDW
wave vector, it has essentially no impact on the stripe or
associated with the doped holes and copper spins.

The rest of the paper is organized as follows. After d
scribing the experimental details in the following section, t
neutron and x-ray scattering results are presented in Sec
These results are discussed in Sec. IV. There we first exp
the response of the Nd moments in the magnetic field. T
we consider the lack of effect on the charge and Cu-s
stripes in the present sample, together with the field-indu
response in LSCO and LCO(d). Collectively, these results
can be understood in terms of the ideas~1! that there is little
coupling of a uniform magnetic field to the locally antiferr
magnetic correlations of the stripe phase and~2! that the
suppression of superconductivity in magnetic vortex co
results in the nucleation of patches of stripe order.

II. EXPERIMENTAL DETAILS

The single crystal of LNSCO (x50.15 andy50.4) used
in this study is the same one used in Ref. 9. The sample
grown using the traveling-solvent floating-zone method a
is 5 mm in diameter and 20 mm in length. The sample
hibits a structural transition from a low-temperature orth
rhombic structure to a LTT structure at;80 K; the lattice
constants at 5 K are a5b53.80 Å andc513.1 Å, corre-
sponding to reciprocal lattice units ofa* 5b* 51.65 Å21

andc* 50.48 Å21.
The superconducting transition has been characterize

pieces of crystal grown in the same fashion as the neu
sample. From previously reported measurements of the m
netic susceptibility9 and the thermodynamic critical field,27

the transition temperature is approximately 10 K. To char
terize the effect of a magnetic field applied along thec axis
on the transition, the resistivity was measured, as show
Fig. 1. As is frequently observed, the zero-field resistiv
measurement indicates a higher transition temperature
does the susceptibility. We note the relatively large differen
betweenTc values of the susceptibility and resistivity me
surements in this system compared to the LSCO
LCO(d) systems. Since the superconductivity in LNSCO
strongly suppressed by the CuO6 octahedral tilt of the LTT
structure, which pins the stripes, the localTc is very sensitive
to the local fluctuation in Sr and/or Nd concentration th
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cause the local fluctuation of the octahedral tilts. Bulk res
tivity shows higherTc if there are small patches with highe
Tc that percolate through the sample. On the other hand
they have a small volume fraction, the magnetization will n
be affected. Thus, the relatively large difference ofTc values
may be a characteristic feature in LNSCO. However, t
effect has no impact on the conclusions that we will rea
based on the neutron and x-ray measurements.

The neutron scattering experiments were performed us
the triple axis spectrometer SPINS installed on the cold n
tron guide NG5 located at the NIST Center for Neutron R
search. Highly oriented pyrolytic graphite crystals were us
as monochromator and analyzer. An incident neutron ene
of 5 meV with a horizontal collimation sequenc
328-808-S-808-open (S: sample! was utilized. Higher-order
neutrons were removed from the beam by a cold Be fi
located after the sample. The crystal was fixed to an
holder by Gd cement and Al wire, and mounted in a cryos
equipped with a superconducting magnet. Thea andb crys-
tallographic axes were oriented in the horizontal plane
allow access to (h,k,0) type reflections. With this configu
ration, the magnetic field was aligned perpendicular to
CuO2 planes. During the experiments, we verified that t
nuclear Bragg intensities did not change with field, there
confirming that the sample was properly mounted, that is,
sample position was field independent.

The x-ray scattering experiments were carried out at
BW5 beam line at HASYLAB in Hamburg, Germany. Th
incident photon energy of 100 keV was selected by

FIG. 1. ~a! Temperature dependence of the in-plane resistiv
~b! Effect of ac-axis magnetic field on the in-plane resistivity. Da
are shown for 0, 1, 2, 3, 4, 5, and 6 T.
9-2
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EFFECT OF A MAGNETIC FIELD ON THE SPIN- AND . . . PHYSICAL REVIEW B67, 184419 ~2003!
Si12xGex gradient crystal monochromator and analyzed
the same type of crystal. The sample was mounted in a
perconducting magnet with thec-axis oriented perpendicula
to the scattering plane and the field aligned perpendicula
the CuO2 planes. The momentum resolution full width
half maximum measured at the (2,0,0) Bragg position w
0.015 Å21 along @100# and 0.0014 Å21 along @010#.

III. NEUTRON AND X-RAY CROSS-SECTIONS

A. SDW order

In zero magnetic field, SDW IC peaks are observed
(1/26e,1/26e,0), wheree50.134. The temperature depe
dence of the SDW peak intensity is plotted in Fig. 2 usi
open circles. The peaks first appear at 40 K, which agr
with the results of Ref. 9. The peak intensity increases r
idly with deceasing temperature below 8 K; this is due to
ordering of the Nd31 spins.8 Hereafter, we refer to this Nd
ordering temperature asTNd58 K. On the other hand, the
temperature dependence under magnetic field belowTNd is
significantly different. The squares in Fig. 2 represent
peak intensities measured under a 7-T magnetic field.
though there seems to be a small reduction of intensity,
temperature dependence aboveTNd is quite similar to that in
zero field. Importantly, however, there is no longer a ra
increase in intensity belowTNd at 7 T. These features ar
more clearly shown in Fig. 3, which shows peak profi
measured along (1/2,1/21q,0) at 4.3 K and 20 K. At 4.3 K
~below TNd), the peak intensity at 7 T is reduced to half

FIG. 2. Temperature dependence of the net IC peak intensi
Q5(1/2,1/210.135) in zero field~circles! and 7 T ~squares!.
Dashed lines are guides to the eye. The data in a magnetic
were measured on warming after field cooling from 60 K. In ze
field, the intensity first appears below;40 K and grows rapidly
below TNd;8 K due to the Nd31 ordering. The rapid increase be
low TNd is suppressed at 7 T, but otherwise the intensity appea
be constant within the errors. This implies that the magnetic fi
destroys the Nd31 ordering. AboveTc ~or TNd), there is at best a
small diminution in intensity with magnetic field.
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that in zero field, while there is no significant change w
field in the peak profile at 20 K~aboveTNd). For all profiles,
the peak widths are slightly larger than the instrumental re
lution width, which is represented by the thick horizont
bars. The solid lines in Fig. 3 are the results of fits to
resolution-convoluted 2D Lorentzian function ofq. These fits
show that the correlation length of the SDW order
;200 Å for all profiles, that is, only the intensity chang
with temperature and magnetic field.

The intensity of the SDW peak in zero field increases
more than an order of magnitude belowTNd , as indicated in
Fig. 2. We find that the field-induced suppression of t
SDW peaks is especially significant at the lowest tempe
tures. Figure 4~a! shows the field dependence of the SD
peak measured at (1/2,1/22e,0) at 0.1 K. In contrast to the
factor of 2 reduction caused by 7 T at 4.3 K, the peak int
sity is almost completely suppressed by a field of less tha
T. The solid lines are the results of fits to a resolutio
convoluted 2D Lorentzian squared function ofq. The peak
width is almost resolution limited and does not change w
field. The field dependence of the peak intensity is shown
Fig. 4~b!. The intensity decreases rapidly with increasi
field and almost reaches the background atH50.7 T. Al-
though the intensity appears to be completely suppresse
H>0.7 T, there is still a small remaining signal that is com
parable to that observed just aboveTNd . This intensity is
shown in Fig. 2 by the solid square at the lowest temperat

at

ld

to
d

FIG. 3. Lineshape of the (1/2,1/21e,0) IC peak at~a! 4.3 K and
~b! 20 K in zero field~open circles! and 7 T~closed circles!. ~Only
the open circle is shown when the symbols overlap.! The data in the
7-T magnetic field were taken after field cooling from 60 K. Ho
zontal bars indicate the instrumental resolution. Solid lines are
results of fits to a two-dimensional Lorentzian function convolut
with the instrumental resolution. A clear reduction of the IC pe
intensity is observed at 4.3 K~below TNd), while no significant
change occurs at 20 K~aboveTNd).
9-3
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B. CDW order

The temperature dependence shown in Fig. 2 natur
suggests that the applied field primarily suppresses the
spin contribution to the SDW peaks. In particular, the te
perature dependence at 7 T aboveTNd is very close to that in
zero field, and the drastic increase of the SDW peak inten
below TNd disappears at 7 T. The next question is then h
does the field affect the CDW peaks? To study this, we p
formed x-ray scattering experiments in an applied magn
field. Figure 5 shows the temperature dependence of
CDW peak intensity measured at (1.74,0,20.5). Circles and
diamonds correspond to data taken in zero field and 4
respectively. The choice ofL520.5 was made because th
structure factor has a maximum at that position.11 The onset
temperature is;60 K, which is consistent with the previou
measurement forx50.15 in Ref. 11, and is same as th
reported for thex50.12 sample.8,11 As shown in Fig. 5, the
temperature dependences with and without field are c
pletely identical. The inset shows the field dependence of
intensity at 1.9 K and 4 K. We find, therefore, that while t
SDW peak is strongly suppressed by application of a m
netic field belowTNd , the CDW peak intensity is indepen
dent of field.

FIG. 4. ~a! IC peak profiles at 0.1 K in different magnetic field
The horizontal bar indicates the instrumental resolution. The s
lines are the results of fits to a two-dimensional Lorentzian-squa
function convoluted with the instrumental resolution.~b! Field de-
pendence of the IC peak intensity at 0.1 K. The solid line is a gu
to the eye. Most of the intensity is suppressed by a magnetic fie
0.7 T. However, even at 7 T a weak intensity comparable to
observed above 8 K remains as shown in Fig. 2.
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IV. DISCUSSION

A. Nd response

From these results, it appears that the magnetic field
pendicular to the CuO2 planes inhibits the Nd31 spin order-
ing, but has at most a weak effect on the stripe struct
itself. This picture confirms that the Nd spins simply follo
the stripe order of the Cu spins and not the other way arou
It also suggests that the correlation between Cu and Nd s
is weak as observed previously in the related mate
Nd2CuO4.28 Below we discuss the Nd response in more d
tail.

The Nd spin contribution to the SDW peak intensity
dominant at the lowest temperatures;8 therefore, the field de-
pendence in Fig. 4~b! should relate to the magnetic respon
of the Nd ions. The magnetic fluctuations of the Nd ions
La22x2yNdySrxCuO4 have been studied with neutron scatte
ing by Roepkeet al.29 For a sample withy50.3 andx50
measured at low temperature, they resolved an excitatio
0.25 meV, which they attributed to a splitting of th
Kramers-doublet ground state of Nd31 by an exchange inter
action with ordered Cu moments. In a sample withy50.6
and x50.15, the magnetic fluctuations appeared as qu
elastic scattering with a half-width ofG/250.1 meV. If we
take this energy width to represent the effective excha
interaction appropriate for our sample (y50.4), then the ex-
ternal field that is required to give an equal Zeeman energ
H05G/2mNd , wheremNd is the magnetic moment of a N
ion. From the magnetization measurements of Osten
et al.27 on a crystal identical to ours,mNd is 3.2mB , which
finally givesH050.54 T. This estimate is in good agreeme
with the field at which the peak intensity drops, as shown
Fig. 4. We conclude that a modest uniform magnetic field
sufficient to align the Nd moments uniformly, thus removin
their contribution from the SDW superlattice peaks.

The dominant part of the Nd contribution to the SD
peaks appears belowTNd ; however, there may also be

id
d

e
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FIG. 5. Temperature dependence of the CDW peak inten
measured at (1.74,0,20.5) in zero field~circles! and in 4 T~dia-
monds!. The inset shows the field dependence of the peak inten
at 1.9 K ~open squares! and 4 K ~closed squares!.
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EFFECT OF A MAGNETIC FIELD ON THE SPIN- AND . . . PHYSICAL REVIEW B67, 184419 ~2003!
small contribution from Nd moments at highe
temperatures.8 The small decrease of the SDW peak intens
caused by the 7 T field forT.TNd ~see Fig. 2! is likely due
to the elimination of the Nd component. Note that the CD
intensity shows no significant change for applied fields up
4 T.

B. Magnetic field, superconductivity, and stripes

In a recentmSR study30 on LSCO with x50.12 and
stage-4 LCO(d), it was found that local magnetic~SDW!
order occurred in only a fraction of the volume, 20% a
40%, respectively. Within that volume fraction, the avera
local hyperfine field is the same as in a uniformly strip
ordered sample, La1.48Nd0.4Sr0.12CuO4.26 Based on neutron
diffraction studies,17,14 the volume fraction exhibiting SDW
order in LSCO withx50.10 should be much smaller. LSC
~Refs. 16 and 17! and LCO(d) ~Ref. 18! show a clear en-
hancement of the SDW peaks in the presence of a field
plied perpendicular to the CuO2 planes. This enhancemen
could result from a coupling of the magnetic field to t
SDW order parameter, or from growth of the SDW volum
fraction by suppression of the superconductivity.

A direct coupling to the SDW order has recently be
observed in LSCO withx50.024 by Matsudaet al.31 This
sample is insulating at low temperatures and exhibits dia
nal IC SDW order. A small reduction of the SDW peak i
tensity was found in an applied magnetic field. The eff
was explained in terms of the reorientation of spins in half
the CuO2 layers in order to align the canted spin compone
that result from the Dzyaloshinskii-Moriya exchange intera
tion. In the case of the parallel~vertical! stripes present in the
superconducting phase, we would expect the orientation
the canted spin components to alternate in neighboring m
netic domains so that there would be no net coupling t
uniform field. The long correlation length observed in LN
SCO vitiates the mechanism of Matsudaet al.31 Further-
more, such a mechanism would not explain the field-indu
enhancementin LSCO and LCO(d).

The present results indicate that there is no signific
direct coupling between a uniform magnetic field and
stripe order. This is consistent with expectations, given t
the magnetic order is locally antiferromagnetic. It follow
then that the field-induced growth of SDW order in LSC
and LCO(d) must be due to suppression of the supercond
tivity. The superconductivity may coexist with SDW order
the regions of these samples, but themSR results indicate
that there must be a significant volume fraction where th
is superconductivity without SDW order. It is presumably
these latter regions that new SDW order is generated by
applied field.19 It is then understandable that the largest SD
growth with field occurs in LSCO withx50.10,17 where the
zero-field SDW volume fraction is quite small. It is als

*Email address: waki@physics.utoronto.ca
†Present address: Institute for Chemical Research, Kyoto Uni
sity, Uji 611-0011, Japan.
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reasonable that there is no significant enhancement in
present crystal, which is reported to be uniformly SDW o
dered bymSR.26

The applied field penetrates the sample in quantized v
tices, with the superconducting order parameter going to z
within each vortex core. The possibility that Ne´el order
might appear in the vortex cores was considered by Aro
et al.20 A more relevant model, in which SDW and superco
ducting order can coexist, was analyzed by Demleret al.,21,22

with some refinements proposed later by Kivelsonet al.23

~see also Refs. 24 and 25!. In this model, the SDW order ca
be induced in a region extending beyond the vortex co
similar to the ‘‘halo’’ effect observed by scanning tunnelin
microscopy32 on Bi2Sr2CaCu2O81d . The long magnetic cor-
relation lengths observed at high field in LSCO~Refs. 16 and
17! and LCO(d) ~Ref. 18! indicate that the halo radius ma
be .100 Å. It seems likely that weak Ising anisotrop
which is known to be present at low doping,31 is important
for establishing static order in domains of finite exte
Based on the present results, we would expect the S
order to saturate when the vortex spacing is comparabl
the halo diameter.

Finally, continuing with the same argument, the lack o
significant change in the stripe order in our LNSCO sam
provides further confirmation that the stripe order is unifo
in the sample consistent with themSR measurement.26 If it
were not, then there should be regions with superconduc
ity and no SDW order, and we would expect to see an
crease in the SDW order as vortices are induced in th
regions. This result also confirms that the bu
superconductivity26,27 must coexist with stripe order. This i
also supported by the fact that there is no significant anom
in SDW and CDW orders atTc in this material.
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