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The spin-density wave (SDW) and charge-density wave(CDW) order in superconducting
Lay 49Ndg 4S1p 1:CuO, were studied under an applied magnetic field, using neutron and x-ray diffraction tech-
niques. In zero field, incommensuratéC) SDW order appears below 40 K, which is characterized by
neutron diffraction peaks at (1#20.134,1/2:0.134,0). The intensity of these IC peaks increases rapidly
below Tyq~8 K due to an ordering of the Nd spins. The application of a 1 T magnetic field parallel to the
¢ axis markedly diminishes the intensity beldwg, while only a slight decrease in intensity is observed at
higher temperatures for fields up to 7 T. Our interpretation is that-dnes field suppresses the parasitic®Nd
spin order at the incommensurate wave vector without disturbing the stripe order 6fspins. 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 La ,Sr,CuQ, with x~0.12 and stage-4 L&UG, . 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.
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[. INTRODUCTION by one-dimensional stripes of hole-rich regions. Thus, their
model places both spin-density-way8DW) and charge-
Incommensurat@C) magnetic correlations are one of the density-wave(CDW) orders on the CuPplanes. Since the
fascinating characteristics of the hole-doped highsuper- charge stripes become the antiphase boundaries of the AF
conducting material La ,Sr,CuQ, (LSCO and related regions, the magnetic modulation period is twice that of the
compounds. Dynamic IC correlations in superconducting charge density modulation. In fact, additional satellite peaks
LSCO have been observed using neutron scattering techvere observed by both neutft? and x-ray**2 diffraction
niques near the optimal doping concentration0.152~%1t  techniques in LNSCO around the nuclear Bragg peaks at
was later established that the optimized superconductin?+2¢,0/) due to the charge density modulation, consistent
transition temperature is inversely proportional to the IC spawith the stripe model as well as with more general coupled
tial modulation period at a given $hole) concentratiorx,” SDW and CDW models. Following these experiments, the
suggesting that the superconductivity and incommensurabikame type of SDW order has been observed by neutron scat-
ity are closely related with each other. On the other handtering in LSCO samples witk=0.12 (Refs. 13 and 1gand
static IC spin correlations have been extensively studied inn oxygen-doped stage-4 b@uQ,. s [LCO(5)].%° Surpris-
La, ,_yNd,Sr,CuQ, (LNSCO). This was initially because ingly, no charge order peaks have been detected yet in these
of interest in the so-called 1/8 anomaly, which refers to thematerials. In all of the above cases, the between-plane corre-
suppression of superconductivity in1gBa,CuQ, (LBCO) Ilation length of the SDW order is of order or less than one
atx=1/8, that is accompanied by the appearance of the lowtattice constant.
temperature tetragon8lTT) P4,/ncm structure® Since the stripe structure contains magnetic order, the ef-
Nd-doping in LSCO stabilizes the LTT structure over afect of an external magnetic field on the stripe should pro-
wide range ofx, and significantly suppressés.. During  vide important information about its nature. To date, a few
neutron scattering experiments on LNSCO with 668 neutron scattering experiments have been carried out under
<0.20 andy=0.4, Tranquadaet al.’~'° observed elastic magnetic field to investigate the effects on the SDW order in
magnetic peaks at tetragonal positions (1£1/2+ ¢,0) LSCO withx=0.12 (Ref. 16 andx=0.101" and in stage-4
that are almost identical to those of the inelastic IC peak$.CO(5).8° All of these measurements show qualitatively
found in superconducting LSCO. They explained this staticconsistent behavior, with the SDW peaks being substantially
feature in terms of a two-dimensionéD) stripe model in  enhanced by applying a field perpendicular to the €uO
which hole-free antiferromagnetié&\F) regions are separated planes. Possible explanations of the enhancement of the
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SDW peaks have involved suppression of spin fluctuations or
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Laq.45Ndg.4Srg.15CuO4

competing superconducting and AF orifef® whose physi- 0.8 - . .
cal origin is the suppressed superconductivity together with L (@ H=0T
the enhanced AF order in the vortex cores. However, the o6l
effects of a magnetic field on the stripe order itself remain =
unclarified. é}’
In the present experiment, we have studied the effectofan g 0.4
applied magnetic field on the stripe order in superconducting =
Lay 4gNdg 4S1p 15CuUQ,. The stripe order at this particular ~ 0ol

composition has previously been characterized by nelitron
and x-ray? diffraction and by the zero-field muon-spin-
relaxation SR) techniqué® and the superconductivity 0
has been characterized by high-field magnetization
measurementéand by transverse-field SR 26 We find that
while an applied magnetic field 61 T is sufficient to sup- -
press the parasitic ordering of Rid moments at the SDW
wave vector, it has essentially no impact on the stripe order
associated with the doped holes and copper spins.

The rest of the paper is organized as follows. After de-
scribing the experimental details in the following section, the
neutron and x-ray scattering results are presented in Sec. Ill.
These results are discussed in Sec. IV. There we first explain
the response of the Nd moments in the magnetic field. Then

1
we consider the lack of effect on the charge and Cu-spin 0 10 20 30 40 50

0 1

stripes in the present sample, together with the field-induced
response in LSCO and LC@J]. Collectively, these results
can be understood in terms of the idé&sthat there is little FIG. 1. (a) Temperature dependence of the in-plane resistivity.
coupling of a uniform magnetic field to the locally antiferro- (b) Effect of ac-axis magnetic field on the in-plane resistivity. Data
magnetic correlations of the stripe phase @y that the are shownfor0, 1,2, 3,4,5 and6T.
suppression of superconductivity in magnetic vortex cores
results in the nucleation of patches of stripe order. cause the local fluctuation of the octahedral tilts. Bulk resis-
tivity shows higherT. if there are small patches with higher
Il. EXPERIMENTAL DETAILS T. that percolate through the _sample. On thg other hgnd, if
they have a small volume fraction, the magnetization will not
The single crystal of LNSCOx(=0.15 andy=0.4) used be affected. Thus, the relatively large differenceTpfvalues
in this study is the same one used in Ref. 9. The sample wasay be a characteristic feature in LNSCO. However, this
grown using the traveling-solvent floating-zone method anckffect has no impact on the conclusions that we will reach
is 5 mm in diameter and 20 mm in length. The sample exbased on the neutron and x-ray measurements.
hibits a structural transition from a low-temperature ortho- The neutron scattering experiments were performed using
rhombic structure to a LTT structure at80 K; the lattice  the triple axis spectrometer SPINS installed on the cold neu-
constants @5 K area=b=3.80 A andc=13.1 A, corre- tron guide NG5 located at the NIST Center for Neutron Re-
sponding to reciprocal lattice units @* =b*=1.65 A"!  search. Highly oriented pyrolytic graphite crystals were used
andc*=0.48 A1, as monochromator and analyzer. An incident neutron energy
The superconducting transition has been characterized af 5 meV with a horizontal collimation sequence
pieces of crystal grown in the same fashion as the neutroB2'-80'-S-80'-open S: sampl¢ was utilized. Higher-order
sample. From previously reported measurements of the magreutrons were removed from the beam by a cold Be filter
netic susceptibility and the thermodynamic critical fiefd, located after the sample. The crystal was fixed to an Al
the transition temperature is approximately 10 K. To characholder by Gd cement and Al wire, and mounted in a cryostat
terize the effect of a magnetic field applied along thexis  equipped with a superconducting magnet. Bhendb crys-
on the transition, the resistivity was measured, as shown itallographic axes were oriented in the horizontal plane to
Fig. 1. As is frequently observed, the zero-field resistivityallow access tol{,k,0) type reflections. With this configu-
measurement indicates a higher transition temperature thaation, the magnetic field was aligned perpendicular to the
does the susceptibility. We note the relatively large differenceCu0, planes. During the experiments, we verified that the
betweenT values of the susceptibility and resistivity mea- nuclear Bragg intensities did not change with field, thereby
surements in this system compared to the LSCO andonfirming that the sample was properly mounted, that is, the
LCO(d) systems. Since the superconductivity in LNSCO issample position was field independent.
strongly suppressed by the Cg©Octahedral tilt of the LTT The x-ray scattering experiments were carried out at the
structure, which pins the stripes, the logalis very sensitive  BW5 beam line at HASYLAB in Hamburg, Germany. The
to the local fluctuation in Sr and/or Nd concentration thatincident photon energy of 100 keV was selected by a
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FIG. 2. Temperature dependence of the net IC peak intensity at . : :
Q=(1/2,1/2+0.135) in zero field(circles and 7 T (squares 0.06 0.10 0.14 0.18
Dashed lines are guides to the eye. The data in a magnetic field q(r.lu.)

were measured on warming after field cooling from 60 K. In zero
field, the intensity first appears below40 K and grows rapidly (b) 20 K in zero field(open circlesand 7 T(closed circles (Only

~ + i i i -
below TN" 8 K due to the Nd ordermg_. The re_lpld increase be the open circle is shown when the symbols ovejldpe data in the
low Ty is suppressed at 7T, but otherwise the intensity appears t9-T magnetic field were taken after field cooling from 60 K. Hori-

be constant within the errors. This implies that the magnetic field

. . zontal bars indicate the instrumental resolution. Solid lines are the
destroys the N&" ordering. AboveT, (or Ty, there is at best a . . . X .
T . . N results of fits to a two-dimensional Lorentzian function convoluted
small diminution in intensity with magnetic field.

with the instrumental resolution. A clear reduction of the IC peak
intensity is observed at 4.3 Kbelow Ty, while no significant
Si;_,Ge, gradient crystal monochromator and analyzed bychange occurs at 20 KaboveTyg).

the same type of crystal. The sample was mounted in a su-

perconducting magnet with theaxis oriented perpendicular

to the scattering plane and the field aligned perpendicular t . ' X
the CuQ planes. The momentum resolution full width at field in the peak profile at 20 KaboveTyg). For all profiles,

' - he peak widths are slightly larger than the instrumental reso-
g%&??\fﬁmﬁg‘nﬁng fndd%tégi Ll(?&?,gl)orl?é?ggqposmon Wa%ution width, which is represented by the thick horizontal

bars. The solid lines in Fig. 3 are the results of fits to a
resolution-convoluted 2D Lorentzian function@fThese fits

Ill. NEUTRON AND X-RAY CROSS-SECTIONS show that the correlation length of the SDW order is
~200 A for all profiles, that is, only the intensity changes
with temperature and magnetic field.

In zero magnetic field, SDW IC peaks are observed at The intensity of the SDW peak in zero field increases by
(1/2+ €,1/2+ €,0), wheree=0.134. The temperature depen- more than an order of magnitude beldyy, as indicated in
dence of the SDW peak intensity is plotted in Fig. 2 usingFig. 2. We find that the field-induced suppression of the
open circles. The peaks first appear at 40 K, which agreeSDW peaks is especially significant at the lowest tempera-
with the results of Ref. 9. The peak intensity increases raptures. Figure @) shows the field dependence of the SDW
idly with deceasing temperature below 8 K; this is due to thepeak measured at (1/2,12,0) at 0.1 K. In contrast to the
ordering of the Nd* spins® Hereafter, we refer to this Nd factor of 2 reduction caused by 7 T at 4.3 K, the peak inten-
ordering temperature @byg=8 K. On the other hand, the sity is almost completely suppressed by a field of less than 1
temperature dependence under magnetic field balQyis  T. The solid lines are the results of fits to a resolution-
significantly different. The squares in Fig. 2 represent theconvoluted 2D Lorentzian squared function @fThe peak
peak intensities measured under a 7-T magnetic field. Alwidth is almost resolution limited and does not change with
though there seems to be a small reduction of intensity, théeld. The field dependence of the peak intensity is shown in
temperature dependence abdyg, is quite similar to that in  Fig. 4(b). The intensity decreases rapidly with increasing
zero field. Importantly, however, there is no longer a rapidfield and almost reaches the backgroundHat 0.7 T. Al-
increase in intensity belowWyy at 7 T. These features are though the intensity appears to be completely suppressed at
more clearly shown in Fig. 3, which shows peak profilesH=0.7 T, there is still a small remaining signal that is com-
measured along (1/2,1423,0) at 4.3 K and 20 K. At 4.3 K parable to that observed just aboVgq. This intensity is
(below Tyg), the peak intensity at 7 T is reduced to half of shown in Fig. 2 by the solid square at the lowest temperature.

FIG. 3. Lineshape of the (1/2,142¢,0) IC peak ata) 4.3 K and

that in zero field, while there is no significant change with

A. SDW order
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.g | J IV. DISCUSSION
C
2 A. Nd response
E O 1 1 Il 1 1 1

0 02 04 06 08 1.0 From these results, it appears that the magnetic field per-

H(T) pendicular to the CuQplanes inhibits the Nt spin order-

FIG. 4. (a) IC peak profiles at 0.1 K in different magnetic fields. !ng, but .has. at most a weak effect on the St.npe structure
. o ; ; - jtself. This picture confirms that the Nd spins simply follow

The horizontal bar indicates the instrumental resolution. The soli . .

e stripe order of the Cu spins and not the other way around.

lines are the results of fits to a two-dimensional Lorentzian-square al hat th lation b c d Nd sbi
function convoluted with the instrumental resolutigh) Field de- also suggests that the correlation between Cu an SpIns

pendence of the IC peak intensity at 0.1 K. The solid line is a guid is weak 25:35 observed _previously in the relatgd material
to the eye. Most of the intensity is suppressed by a magnetic field dNd2CUQ,. = Below we discuss the Nd response in more de-
0.7 T. However, even at 7 T a weak intensity comparable to thafail-

observed above 8 K remains as shown in F|g 2. The Nd Spin Contribution to the SDW peak intensity iS
dominant at the lowest temperatufetsierefore, the field de-
B. CDW order pendence in Fig. @) should relate to the magnetic response

The temperature dependence shown in Fig. 2 naturallgf the Nd ions. The magnetic fluctuations of the Nd ions in
suggests that the applied field primarily suppresses the Nba, - yNd,Sr,CuO, have been studied with neutron scatter-
spin contribution to the SDW peaks. In particular, the tem-ing by Roepkeet al?® For a sample withy=0.3 andx=0
perature dependence at 7 T abdyg is very close to thatin measured at low temperature, they resolved an excitation at
zero field, and the drastic increase of the SDW peak intensit§.25 meV, which they attributed to a splitting of the
below Tyq disappears at 7 T. The next question is then howKramers-doublet ground state of Ridby an exchange inter-
does the field affect the CDW peaks? To study this, we peraction with ordered Cu moments. In a sample wjth 0.6
formed x-ray scattering experiments in an applied magneti@and x=0.15, the magnetic fluctuations appeared as quasi-
field. Figure 5 shows the temperature dependence of thelastic scattering with a half-width di/2=0.1 meV. If we
CDW peak intensity measured at (1.74,0,5). Circles and take this energy width to represent the effective exchange
diamonds correspond to data taken in zero field and 4 Tinteraction appropriate for our samphe=€0.4), then the ex-
respectively. The choice df=—0.5 was made because the ternal field that is required to give an equal Zeeman energy is
structure factor has a maximum at that posittbithe onset  Hy=T"/2my4, wheremyq is the magnetic moment of a Nd
temperature is-60 K, which is consistent with the previous ion. From the magnetization measurements of Ostenson
measurement fox=0.15 in Ref. 11, and is same as that et al?’ on a crystal identical to oursnyy is 3.2ug, which
reported for thec=0.12 sampl&! As shown in Fig. 5, the finally givesH,=0.54 T. This estimate is in good agreement
temperature dependences with and without field are comwith the field at which the peak intensity drops, as shown in
pletely identical. The inset shows the field dependence of th&ig. 4. We conclude that a modest uniform magnetic field is
intensity at 1.9 K and 4 K. We find, therefore, that while the sufficient to align the Nd moments uniformly, thus removing
SDW peak is strongly suppressed by application of a magtheir contribution from the SDW superlattice peaks.
netic field belowTyy, the CDW peak intensity is indepen- ~ The dominant part of the Nd contribution to the SDW
dent of field. peaks appears beloWyy; however, there may also be a
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small contribution from Nd moments at higher reasonable that there is no significant enhancement in the

temperature8 The small decrease of the SDW peak intensitypresent crystal, which is reported to be uniformly SDW or-

caused by the 7 T field fof > T4 (see Fig. 2is likely due  dered byuSR2®

to the elimination of the Nd component. Note that the CDW  The applied field penetrates the sample in quantized vor-

intensity shows no significant change for applied fields up tdices, with the superconducting order parameter going to zero

4 T. within each vortex core. The possibility that” &leorder

might appear in the vortex cores was considered by Arovas

B. Magnetic field, superconductivity, and stripes et aI.ZOA more relevant model, in which SDW and supercon-

_ ducti d ist | Derateal.,?1%?
In a recentuSR study’ on LSCO with x=0.12 and ucting order can coexist, was analyzed by Deratel,

: : with some refinements proposed later by Kivelseral?®
stage-4 LCO@)'. it was found _that local magneticSDW) (see also Refs. 24 and 2%n this model, the SDW order can
order occurred in only a fraction of the volume, 20% and

0 g 7 . be induced in a region extending beyond the vortex core,
40%, respegtlvely. W!thm that volume_ fract|on, the averag€imilar to the “halo” effect observed by scanning tunneling
local hyperfine field is the same as in a uniformly stripe-

6 microscopy? on Bi,Sr,CaCyOg., 5. The long magnetic cor-
ordered sample, LagNd, ;Sto.1,CuQ,.™ Based on neutron relation lengths observed at high field in LSCRefs. 16 and

diffraction studies,’'* the volume fraction exhibiting SDW - :
! o 17) and LCO() (Ref. 18 indicate that the halo radius may
order in LSCO withx=0.10 should be much smaller. LSCO be >100 A. It seems likely that weak Ising anisotropy,

(Refs. 16 and l)7and LCO(S) (Ref. 18 show a clear en- which is known to be 2 =

. . present at low dopiflgis important
hgncement of.the SDW peaks in the presence of a field Wor establishing static order in domains of finite extent.
plied perpendicular to the Cy(planes. This enhancement o<y on the present results, we would expect the SDW

could result from a coupling of the magnetic field to the o 4o 1 saturate when the vortex spacing is comparable to

SDW order parameter, or from growth of the SDW volume,[he halo diameter P g P

fractu()jrj by suppr|933|on c;:‘théa superc(;jond#ctlwty. v b Finally, continuing with the same argument, the lack of a
A direct coupling to the SDW order has recently beengjqnificant change in the stripe order in our LNSCO sample

. . _ 31 .
(s)gsmeprlveeids Iir;slzjlsa('fi(r?gvgtt?;;v(lgriée?gtngsgg?Zihibi-{shljiag O[grovides further confirmation that the stripe order is uniform
. 9% the sample consistent with theSR measuremert. If it
nal IC SDW order. A small reduction of the SDW peak in- I P I with (heS " !

were not, then there should be regions with superconductiv-

tensity was foqnd in an applied magngtic field'. The eﬁec;ity and no SDW order, and we would expect to see an in-
was explained in terms of the reorientation of spins in halfoCrease in the SDW order as vortices are induced in those

the CuqQ layers in order to align the car_lted spin componentsregions_ This result also confirms that the bulk
that result from the Dzyaloshinskii-Moriya exchange 'nterac'superconductiviﬁﬁﬂ must coexist with stripe order. This is
tion. In the case of the parallélertica) stripes present in the Iso supported by the fact that there is no significant anomaly

superconducting phase, we would expect the orientation 9k, sDw and CDW orders &F. in this material
the canted spin components to alternate in neighboring mag- ¢ '

netic domains so that there would be no net coupling to a
uniform field. The long correlation length observed in LN-
SCO vitiates the mechanism of Matsueaal3' Further- We thank P. M. Gehring, B. Khaykovich, S. Park, G.
more, such a mechanism would not explain the field-induced&hirane, J. R. Schneider, M. Matsuda, and C. Broholm for
enhancemenn LSCO and LCO§). invaluable discussions. We also acknowledge Thomas
The present results indicate that there is no significanBrickel for allowing us to use his magnet during the x-ray
direct coupling between a uniform magnetic field and thescattering experiment. The work at the University of Toronto
stripe order. This is consistent with expectations, given thais part of the Canadian Institute for Advanced Research and
the magnetic order is locally antiferromagnetic. It follows supported by the Natural Science and Engineering Research
then that the field-induced growth of SDW order in LSCO Council of Canada. Research at Brookhaven National Labo-
and LCO(5) must be due to suppression of the superconducratory was carried out under Contract No. DE-ACO02-
tivity. The superconductivity may coexist with SDW order in 98CH10886, Division of Materials Sciences, U.S. Depart-
the regions of these samples, but th&R results indicate ment of Energy, while research at the University of Tokyo
that there must be a significant volume fraction where thergvas financially supported by a Grant-in-Aid for Scientific
is superconductivity without SDW order. It is presumably in Research from the Ministry of Education, Science, Sports
these latter regions that new SDW order is generated by thend Culture of Japan. Finally the work at SPINS in National
applied field™ It is then understandable that the largest SDWinstitute of Standards and Technology is based upon activi-
growth with field occurs in LSCO withk=0.10,'" where the  ties supported by the National Science Foundation under
zero-field SDW volume fraction is quite small. It is also Agreement No. DMR-9986442.
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