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4f -spin dynamics in La22x2ySrxNdyCuO4
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We have performed inelastic magnetic neutron scattering experiments on La22x2ySrxNdyCuO4 (0<x
<0.2 and 0.1<y<0.6) in order to study the Nd 4f -spin dynamics at low energies (\v&1 meV). In all
samples we find at high temperatures a quasielastic line~Lorentzian! with a linewidth which decreases on
lowering the temperature. The temperature dependence of the quasielastic linewidthG/2(T) can be explained
with an Orbach process, i.e., a relaxation via the coupling between crystal field excitations and phonons. At
low temperatures the Nd-4f magnetic responseS(Q,v) correlates with the electronic properties of the CuO2

layers. In the insulator La22yNdyCuO4 (y50.1,0.3) the quasielastic line vanishes below 80 K and an inelastic
excitation occurs. This directly indicates the splitting of the Nd31 ground state Kramers doublet due to the
static antiferromagnetic order of the Cu moments. In La1.72xSrxNd0.3CuO4 with x50.12,0.15 and
La1.42xSrxNd0.6CuO4 with x50.1,0.12,0.15,0.18 superconductivity is strongly suppressed. In these compounds
we observe a temperature independent broad quasielastic line of Gaussian shape belowT'30 K. This sug-
gests a distribution of various internal fields on different Nd sites and is interpreted in the frame of the stripe
model. In La1.82ySr0.2NdyCuO4 (y50.3,0.6) such a quasielastic broadening is not observed even at lowest
temperature.@S0163-1829~99!04537-3#
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I. INTRODUCTION

In the high-Tc superconductors a close interplay betwe
superconductivity and magnetism exists. The parent c
pounds of the cuprates are antiferromagnetic insulators. D
ing with holes or electrons destroys the long range order
antiferromagnetic correlations persist even in the superc
ducting region.Inelastic incommensurate magnetic peaks
superconducting La22xSrxCuO4 ~LSCO! show that super-
conductivity and magnetic correlations coexist.1 This phe-
nomenon has regained attraction since in 1995elasticpeaks
at the same incommensurate positions were found
La1.48Sr0.12Nd0.4CuO4. These elastic peaks are interpreted
terms of hole-rich and spin-rich domains in the CuO2 layers,
i.e., the well known stripe picture.2 In LSCO (T phase! dop-
ing with Nd induces a further low temperature phase tran
tion for Nd>0.18. Forx50 there is a transition from the low
temperature orthorhombic LTO to the less orthorhom
Pccn phase3 whereas forx*0.1 the transition is to the tetrag
onal LTT phase. In the latter superconductivity is strong
suppressed for certain Sr concentrations.4 In the LTT phase
the tilt of the CuO6 octahedra can serve as pinning poten
for the dynamical stripe correlations. Hence, the inela
peaks become elastic indicating a formation ofstatic an-
tiphase antiferromagnetic domains in the CuO2 planes which
are separated by quasi-one-dimensional stripes contai
the doped charge carriers. Recently, inelastic incomme
PRB 600163-1829/99/60~13!/9793~8!/$15.00
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rate peaks have also been observed in supercondu
YBa2Cu3O6.6 ~Ref. 5! giving rise to the question whethe
stripes are a general feature of cuprate based high-Tc super-
conductors.

In addition to the investigation of the Cu subsystem, t
dynamics of the Nd spins in Nd22xCexCuO4 ~NCCO, T8
phase! has been examined extensively by several groups6–9

Henggeleret al.10 performed neutron scattering experimen
to examine the spin excitation spectrum at low temperatu
The same group explained the heavy-fermion-like largeg
coefficient in low temperature specific heat measuremen11

of NCCO by the shift of spectral weight of the Nd modes
lower energies with increasing number of charge carrier12

Specific heat measurements show a Schottky anomaly in
parent compound Nd2CuO4.13 This is explained by the pres
ence of Nd-Cu interactions being responsible for the splitt
of the Nd31 ground state Kramers doublet as, e.g., obser
in Raman and neutron scattering experiments.14–17At higher
temperatures in neutron scattering experiments on pow
samples of NCCO~Ref. 17! and on a single crystal o
Nd2CuO4 ~Ref. 8! a quasielastic~QE! Lorentzian is observed
with a linewidth that increases almost linearly with increa
ing temperature. At lower temperatures the line shape tu
into a Gaussian with an almost constant linewidth. Simi
features have been presented for NdBa2Cu3O72d .18 In this
compound the QE Gaussian and the Lorentzian coexist.

In the present work we report on inelastic magnetic n
9793 ©1999 The American Physical Society
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9794 PRB 60M. ROEPKEet al.
tron scattering experiments on La22x2ySrxNdyCuO4 at vari-
ous temperatures. We have investigated the 4f magnetic re-
sponse for samples with Sr concentrations 0<x<0.2 and Nd
concentrations 0.1<y<0.6 at low energies ~typically
;1 meV) in order to obtain information about the Cu ma
netism in the CuO2 layers via the Nd-Cu interaction. Th
paper is organized as follows. The next section describes
experimental technique. The presentation of our results
their discussion follows in Sec. III which is divided into tw
parts as justified by our experimental findings. In Sec. IV
will give a brief summary.

II. EXPERIMENTAL

We performed temperature dependent studies
La1.9Nd0.1CuO4, La1.72xSrxNd0.3CuO4 (x50,0.12,0.15,0.2),
and La1.42xSrxNd0.6CuO4 (x50.1,0.12,0.15,0.18,0.2) usin
the time-of-flight~TOF! spectrometers V3 NEAT~Ref. 19!
~HMI Berlin!, G6.2 MIBEMOL ~LLB Saclay!, and IN5~ILL
Grenoble!. All spectrometers are located at cold neutr
beam lines and use chopper systems for monochromatiza
which give very sharp and clean resolution functions. T
energy chosen for the incident neutrons ranges fromEi
53.15 meV ([5.1 Å) to Ei51.28 meV ([8 Å) re-
sulting in energy resolutions betweenDE'50 meV and
DE'20 meV ~HWHM!, respectively. Additionally,
La1.45Sr0.15Nd0.4CuO4 was measured at the IN6~ILL,
Grenoble! with Ei53.15 meV (DE'45 meV).20 This
spectrometer uses Bragg diffraction on single crystals
monochromize the neutron beam. In all cases a Vanad
standard for calibration and an empty can measuremen
the Al flat plate for background correction were carried o
For the experiments we used well characterized pow
samples21 of typically m520 g and a standard cryostat fo
cooling. Details of the data analysis are describ
elsewhere.22 Since we could not find anyQ dependence o
the magnetic signalsS(Q,v) is averaged over a broadQ
window for all spectra to obtain a better statistics.

III. RESULTS AND DISCUSSION

A. 4f spin relaxation due to coupling of phonons and crystal
field excitations

In all samples a quasielastic line of Lorentzian shape
observed at high temperatures. This is illustrated in Fig
showing spectra of La1.25Sr0.15Nd0.6CuO4 for two different
temperatures. The linewidthG/2(T) of the Lorentzian de-
creases with decreasing temperature and shows thesame
temperature dependence inall compounds within experimen
tal error. In Fig. 2 the temperature dependence of the
linewidth for samples with different Sr and Nd concentr
tions is plotted. Above about 100 K the linewidth increas
almost linearly with increasing temperature. Below this te
perature the slope is drastically reduced although the l
width decreases furthermore on lowering the temperat
The residual linewidth forT→0 K is below the resolution
limit even in the experiments when an energy resolution
20 meV ~HWHM! was chosen. Generally, it is hard to d
tect the QE Lorentzian forT&20 K. However, when we do
not include a QE Lorentzian in our fitting procedure we o
serve an increase of the elastic intensity in this tempera
-
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region. Since the coherent and incoherent elastic scatte
intensity should be almost temperature independent for e
sample we can conclude that this additional intensity or
nates from magnetic scattering. If the fit for the QE Lore
zian yielded a value smaller than half of the resoluti
~HWHM! we fixed the linewidth atG/250 for this tempera-
ture.

FIG. 1. Background corrected spectra of La1.25Sr0.15Nd0.6CuO4

~IN5!. The full line is the best fit including the nuclear incohere
elastic scattering. The magnetic contribution~QE Lorentzian con-
volved with the instrumental resolution function! is illustrated by
the shaded area. The inset shows the overall elastic scattering

FIG. 2. Quasielastic linewidths of La1.72xSrxNd0.3CuO4 with x
50,0.15,0.2 ~NEAT!, La1.45Sr0.15Nd0.4CuO4 ~IN6!, and
La1.25Sr0.15Nd0.6CuO4 ~IN5!. The full line is a function according to
Eq. ~1! with a mean value for parameterc ~see text!.
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PRB 60 97954 f -SPIN DYNAMICS IN La22x2ySrxNdyCuO4
The QE linewidth is related to the spin fluctuation fr
quency viaG/25\/t. Thus the decrease of the linewid
with decreasing temperature is a direct evidence for the l
ering of the 4f -spin fluctuation frequency.

The observation of a magnetic QE line in high-Tc super-
conductors and related materials has been a subject for
cussion for over a decade.17,18,23–25During this time two at-
tempts to describe the 4f spin relaxation, i.e., the
temperature dependence of the QE linewidth, were s
gested:~i! via the interaction of 4f spins with conduction
electron spins and~ii ! by exchange interaction between 4f
spins themselves. In the first case the linewidth should
crease linearly with temperature asG/2}@N(eF)•Jex#

2
•T

~Korringa law! with N(eF) the density of electron states
the Fermi energy andJex the exchange integral between 4f -
and conduction electron spins.26 Such a temperature depe
dence was often found in intermetallic systems.27 In the sec-
ond case a power law is expected.28

From our data we can exclude both cases, since we
serve the same temperature dependence ofG/2(T) in
samples with (x.0) and without charge carriers (x50)
which rules out scenario~i!. Again, the same temperatur
dependence ofG/2(T) is obtained for samples with high N
content (y50.6) and low Nd content (y50.1). For a small
Nd concentration the Nd-Nd exchange interaction should
weak, which rules out scenario~ii !. After a detailed analysis
of our data we found that the relaxation of the 4f spins can
be well described with a two-phonon Orbach process29 as-
suming a coupling between crystal field~CF! excitations and
phonons. The Orbach process is sketched in Fig. 3. In
relaxation process a Nd ion which is in stateub& can absorb
a phonon and hence is excited to stateuc& ~or ud&). From this
state it can fall down to stateua& by emitting a second pho
non. The temperature dependence of the QE linewidth t
follows

G/2~T!5G0/21c•DCF
3 /~eDCF/T21!, ~1!

whereDCF is the energy of an excited crystal field state a
c is a factor which among others considers the coupling
the CF ground state with the excited CF state. In Eq.~1! only
for T@DCF the linewidth is proportional to the temperatur

FIG. 3. Schematic diagram of the Orbach relaxation processua&
andub& denote the two states of the CF ground state,uc& andud& of
an excited state, respectively~for a Kramers ion likeNd31). The
arrows indicate a possible transition with involvement of a phon
-
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We fit this function to the experimental data of many diffe
ent samples and obtained values around 200 K forDCF.
Since the energy of the excited CF state should not di
much between our samples, we took a mean value ofDCF

5200 K in the following. Unfortunately, the crystal fiel
scheme for Nd doped LSCO has yet not been evalua
However,DCF'200 K coincides roughly with the energy o
the first excited state (DCF5173 K) in Nd2CuO4.30

A fit with Eq. ~1! revealsc51.5431027 meV/K3 andc
51.9331027 meV/K3 for La1.25Sr0.15Nd0.6CuO4 and
La1.5Sr0.2Nd0.3CuO4, respectively. A residual linewidth o
G0/2510 meV has also been taken into account but does
influence the other parameters markedly.31 The values forc
are in the expected range29 and are in good agreement wit
the reported value for LSCO probed with Er31 spins.32

We now turn to a discussion of the relevance of the O
bach relaxation process in other systems. A comparison
the QE linewidths in La22x2ySrxNdyCuO4 with the reported
values in Nd2CuO4 ~Refs. 8,17! and NdBa2Cu3O7-d ~Ref.
18! shows that the absolute values ofG/2 are of the same
order of magnitude in all compounds. For Nd2CuO4 only a
few data points of the QE linewidth exist. The agreeme
between the data of Casaltaet al. for a single crystal and
Loewenhauptet al. for a powder sample is rather poor. A fi
with the above function yieldsG0/250.24 meV, c51.42
31027 meV/K3 and G0/250.17 meV, c58.531028

meV/K3 for the data of Loewenhauptet al. and Casalta
et al., respectively (DCF was fixed at 175 K!. Note that in
both cases a large residual linewidth is obtained from the
This broad Lorentzian line is probably masked by the bro
Gaussian line. A large value ofG0/2 was directly observed in
NdBa2Cu3O72d .18 A fit of the data on NdBa2Cu3O6 with
Eq. ~1! reveals c53.3531028 meV/K3 (G0/2 and DCF
fixed at 0.235 meV and 410 K,33 respectively!. Two things
are worth mentioning. First, the choice of 410 K forDCF has
the consequence that the increase of the linewidth is s
pressed up to higher temperatures. This is indeed observ
NdBa2Cu3O72d .18 Second,c is roughly an order of magni-
tude smaller than in La22x2ySrxNdyCuO4. This is in agree-
ment with the observations of Shimizuet al. for an Er31 spin
probe in LSCO and YBCO.32 The broad residual linewidth in
the concentrated systems might be caused by a strongly
hanced Nd-Nd interaction.

A QE Lorentzian was also observed in Pb2Sr2TbCu3O8
~Ref. 34! and Pb2Sr2Tb0.5Ca0.5Cu3O8.28 In both compounds
Tb has a quasidoublet ground state, i.e., two singlets s
rated by only a few meV. It was found that in
Pb2Sr2Tb0.5Ca0.5Cu3O8 the temperature dependence ofG(T)
obeys a power lawtn with n52.8 @ t5(T2TN)/TN#. Con-
clusively the authors claimed that the rare-earth excha
interaction might be the dominant process for the 4f -spin
relaxation. The same group obtained similar results
Y0.9Tb0.1Ba2Cu3O7.35 Since the concentration of Tb in thi
compound is very low the above interpretation of a stro
rare-earth exchange interaction seems rather unlikely. In c
trast, a very recent reanalysis of the data showed that
temperature dependence of the QE linewidth also follows
two-phonon Orbach process.36 Taking all these facts into ac
count it seems reasonable to assume that the 4f spin relax-
ation in high-Tc superconductors and related materials

.
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9796 PRB 60M. ROEPKEet al.
caused by CF transitions assisted by phonons andnot by
interaction with conduction electrons. Moreover, the int
pretation of the deviation from a linear temperature dep
dence of G/2(T) as opening of a gap has to b
reexamined.37,38

To conclude this section we want to mention that a c
pling between these two elementary excitations was alre
reported in Raman scattering studies on several high-Tc su-
perconductors and related compounds.39 Furthermore, ESR
data have been discussed in terms of an Orbach process32,40

These data are consistent with our interpretation of the t
perature dependence of the QE linewidth~see also our pre
vious work41!.

B. Magnetic response due to Nd-Cu interaction

In contrast to the above described behavior the 4f mag-
netic response at low temperatures correlates with the e
tronic properties of the CuO2 layers. Depending on the dop
ant concentration we find different features of the magn
response which we will now discuss in detail.

1. x50

In insulating La22yNdyCuO4 with y50.1,0.3 the 4f mag-
netic response changes from a QE Lorentzian to an inela
~INE! excitation below about 80 K~Ref. 42! ~see Fig. 4!.
This INE excitation clearly indicates the splitting of th

FIG. 4. Background corrected spectrum of La1.7Nd0.3CuO4 at
T571 K ~MIBEMOL ! andT53.3 K ~NEAT!. The full line is the
best fit including the nuclear incoherent elastic scattering. The m
netic contribution~INE Lorentzian! is given by the shaded area.
-
-

-
dy

-

c-

ic

tic

Nd31 ground state Kramers doublet due to the internal
change field of ordered Cu moments and shows the str
interaction between the Cu and Nd subsystems. Although
Cu ordering temperature is much higher, this excitation
comes first detectable below 80 K since at higher tempe
ture the linewidth is larger than the observed energy sp
ting. We mention that this is in contrast to neutron scatter
results on Nd2CuO4 where the magnetic signal remains Q
down to 5 K ~Ref. 17! possibly due to Nd-Nd interactions
For the sample with smaller Nd content, name
La1.9Nd0.1CuO4, we find a similar behavior as fory50.3. In
contrast toy50.3 in this sample only a minority fraction o
about 20% changes to thePccn phase.43

The temperature dependence of the energy splitting
both compounds is plotted in Fig. 5. An increase of the sp
ting, i.e., of the internal exchange field at the Nd site,
clearly visible. Our findings agree roughly with the data
Chouet al.44 who measured the internal field at the La site
La2CuO4 with 139La NQR. According to their results the
temperature dependence of the internal field can be descr
with a power law (12T/TN)b (TN5250 K andb50.41).
This means an increase of about 17% from 80 to 3 K and
agrees roughly with our results in La1.9Nd0.1CuO4. It is ob-
vious that the exchange field at the Nd site is influenced
both, the staggered magnetization and the direction of the
spins. In La1.7Nd0.3CuO4 the structural transition from LTO
→Pccn is accompanied by a Cu spin reorientation.3,45 Thus,
the enhanced splitting iny50.3 compared toy50.1 for T
→0 K might be due to the difference in the direction of th
Cu spins. Finally, we want to mention that the value ofDE
coincides with that derived from the Schottky anomaly fou
in low temperature specific heat measurements.46

2. x50.12

Static ordering of charges and spins was first reported
La1.48Sr0.12Nd0.4CuO4.2 Similar results are obtained forx
50.15 ~Ref. 47! where magnetic order has also been o
served with m1SR experiments48 and Mössbauer
experiments.49

We performed measurements on several compounds
lated to this composition and found similar properties at l
temperatures. As a representative sample we ch

g-

FIG. 5. Temperature dependence of the energy excitation
La22yNdyCuO4 for y50.1 andy50.3.



re
e

(
i

ow
ro
ne
as
s

sa
n

of

a

ur

th

n

(

the

f
to
s

te in

ian
in-

ing
n of

his
mag-
-

e-
fore
ds
el is
-

of

co
lin

ss-

PRB 60 97974 f -SPIN DYNAMICS IN La22x2ySrxNdyCuO4
La1.28Sr0.12Nd0.6CuO4 to explain the general features that a
observed when the type of ordering changes from the w
known spin structure forx50 into an antiferromagnetic
stripe pattern of ordered spins and charges in the CuO2 lay-
ers. Above the antiferromagnetic ordering temperatureTN
'30 K) a single QE Lorentzian line is found as discussed
Sec. III A. When the temperature is further lowered bel
TN the linewidth does not become smaller as expected f
the two-phonon Orbach process. Instead, a broad mag
response of almost constant width centered around the el
peak is visible~see Fig. 6!. The analysis of our results show
that in addition to the Lorentzian a Gaussian line is neces
to accurately describe the data. The width of this Gaussia
almost temperature independent (GGaussian/2'0.13 meV, see
Fig. 7!.

The observation of a broad QE Gaussian line instead
well resolved INE excitation as forx50 infers a distribution
of different energy splittings on different Nd sites. This is
direct hint on spatial inhomogeneities in the CuO2 planes and
is probably caused by the formation of stripes. In this pict
the Kramers doublet of a Nd31 ion, which is located ‘‘near’’
a charge stripe and thus is not split up, contributes to
Lorentzian signal which is still observable~at least the split-
ting must be small compared to the width of this Lorentzia!.
The comparison of the width of the Gaussian line inx
50.12 with the energy excitation of the inelastic linex
50) reveals a reduced~average! splitting, which is related to

FIG. 6. Background corrected spectrum
La1.28Sr0.12Nd0.6CuO4 ~MIBEMOL !. The full line is the best fit in-
cluding the nuclear incoherent elastic scattering. The magnetic
tribution is illustrated by the shaded area. The dotted-dashed
shows the fit assuming a single Lorentzian.
ll

n

m
tic
tic

ry
is

a

e

e

a reduced zero temperature staggered magnetization in
CuO2 planes. This finding coincides with them1SR
experiments48 on La1.852ySr0.15NdyCuO4 where a decrease o
the muon spin rotation frequency compared
La1.7Nd0.3CuO4 ~Ref. 50! was found. This was interpreted a
a decrease of the average magnetic field at the muon si
Sr doped compounds.

In Fig. 8 the intensities of the Lorentzian and Gauss
signals are plotted versus temperature. Above 50 K the
tensity of the single Lorentzian line raises with decreas
temperature due to an increase in the thermal occupatio
the ground state~not shown!. Below this temperature firstly
the intensity of the Lorentzian decreases linearly forT
*10 K whereas the intensity of the Gaussian raises. T
can be interpreted as a decrease in the number of para
netic Nd ions~i.e., with a splitting smaller than the Lorentz
ian linewidth!. This is expected since the Lorentzian lin
width decreases with decreasing temperature and there
the number of Nd ions for which the above condition hol
reduces. Secondly, between 10 and 3 K, a plateaulike lev
reached. ForT&10 K the Lorentzian linewidth is well be

n-
e

FIG. 7. Quasielastic linewidths ~HWHM! in
La1.28Sr0.12Nd0.6CuO4. Open circles are associated with the Gau
ian line. Closed squares symbolize Lorentzian linewidths.

FIG. 8. Intensity of Gaussian~open circles! and Lorentzian
~closed squares! line in La1.28Sr0.12Nd0.6CuO4. The asterisks are the
overall magnetic intensity.
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9798 PRB 60M. ROEPKEet al.
low the resolution limit and so small that we cannot dist
guish between a Lorentzian line and the elastic line. Fina
below 3 K a strong increase of the Lorentzian intens
~which we cannot distinguish from an increase of the ela
intensity! is observed. At a similar temperature a pronounc
increase of the magnetic intensity due to ordering of the
moments was reported in La1.48Sr0.12Nd0.4CuO4.2

3. Sr dependence of the magnetic response

In addition to the abovementioned two Sr concentratio
x50 ~with y50.1, 0.3! and x50.12 ~with y50.6) experi-
ments with varying Sr compositions were carried out
La1.72xSrxNd0.3CuO4 with x50.12,0.15,0.2 and
La1.42xSrxNd0.6CuO4 with x50.1,0.15,0.18,0.2. For clarity
the data of the series withy50.3 are not shown since th
observations in these compounds are similar to the find
in the related samples withy50.6.

To study the Sr dependence of the magnetic signal at
temperatures in detail we extended our measurement
samples with a Nd content ofy50.6 with 0.1<x<0.2. In
contrast to La1.72xSrxNd0.3CuO4 all of these samples lie in
the region of the phase diagram where superconductivit
strongly suppressed4 and thus a broad magnetic response
low temperatures is expected. Such a response was fou
all samples except for La1.2Sr0.2Nd0.6CuO4. The linewidths
of the QE Gaussians are plotted in Fig. 9~these data points
are fits under the assumption thatGGaussian/2 is temperature
independent for each compound!. The decrease of the line
width with increasing Sr content is related to a reduction
the average staggered magnetization in the CuO2 planes.
This observation is consistent with the findings
La1.62xSrxNd0.4CuO4 with x50.12, 0.15, and 0.2.47

Unfortunately the spectra of La1.3Sr0.1Nd0.6CuO4 showed
strongly enhanced background probably due the diffusion
air into the neutron flight path. Nevertheless, the analy
showed that a QE Gaussian is not consistent with the da
the whole temperature range 1.8–30 K although it is accu
enough at certain temperatures. A better agreement is
tained when we use an INE Gaussian line. This might refl
a mixture of both types of signals which we observe in
,x50.1,0.12,0.15,0.18, i.e., an INE excitation and Q
Gaussian, respectively. Furthermore we note that this c

FIG. 9. Gaussian line widths~open circles! vs Sr concentration.
The solid line is a guide to the eye. For comparison the INE ene
splitting of La1.7Nd0.3CuO4 at 3.3 K is also plotted~closed square!.
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pound is closest to thePccn phase.
We could not detect any QE broadening

La1.82ySr0.2NdyCuO4 with y50.3 and 0.6 at lowest tempera
ture ~see Fig. 10!. For y50.3 this behavior is expected sinc
this compound is a bulk superconductor belowTc'25 K
and hence no magnetic order in the CuO2 planes is expected
Indeed, in a superconductor with even higher Nd concen
tion (La1.4Sr0.2Nd0.4CuO4) Nachumiet al.could not find any
hints for magnetic order in a recentmSR experiment.51 In
contrast to this, the absence of a QE broadening is surpri
in the compound withy50.6 because superconductivity
strongly suppressed and hence a broad magnetic respon
expected. Our sample has also been studied in a re
mSR1 experiment which shows magnetic order below ab
15 K.52 This finding seems to contradict our neutron scatt
ing results. There might be two reasons why a broadenin
not observable in the present neutron scattering experim
~i! the splitting of the Nd Kramers ground state is too sm
or ~ii ! the intensity of the QE Gaussian is too low. From t
energy resolution chosen in our experiment we can concl
that a possible average splitting of the Nd ground state m
be below'20 meV if case~i! were true. This contradicts th
value which is obtained by extrapolating the Gaussian wid
of Fig. 9 tox50.2. Indeed, scenario~ii ! is more likely since
we observe a drastic drop of the intensity of the QE Gauss
in y50.18 compared toy50.15 at lowest temperature. A
present we have no interpretation for this drop of the int
sity. Further combined neutron andmSR studies are neces
sary in order to investigate and understand this pronoun
concentration dependence of the intensity.

IV. SUMMARY

To summarize, we have presented inelastic magnetic n
tron scattering experiments on Nd doped La22xSrxCuO4. In
all samples at higher temperatures a quasielastic line
Lorentzian shape is observed with a linewidth which d
creases with decreasing temperature. The temperature de

y FIG. 10. Background corrected spectrum of La1.2Sr0.2Nd0.6CuO4

at 1.6 K. The magnetic contribution~QE Lorentzian! is given by the
shaded area. The open circles represent the magnetic resp
which is found in La1.28Sr0.12Nd0.6CuO4 at the same temperature
We compare these samples since both were measured on the
spectrometer~MIBEMOL !. Due to the Bose factor the spectr
weight is shifted asymmetrically to the neutron energy loss side
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dence of this width, i.e., the relaxation of the Nd 4f moments
is dominated by the Orbach relaxation process via the c
pling of phonons and CF excitations and does not depen
the charge carrier concentration in the CuO2 planes. The
low-temperature behavior of the magnetic response cle
correlates with the electronic properties of the CuO2 layers.
In the undoped samples (x50) below about 80 K an inelas
tic excitation occurs which shows the splitting of the Nd31

Kramers doublet ground state due to the Cu exchange fie
the Nd site. In La1.72xSrxNd0.3CuO4 with x50.12,0.15 and
La1.42xSrxNd0.6CuO4 with x50.1,0.12,0.15,0.18 supercon
ductivity is strongly suppressed. In all these compounds
observe an additional quasielastic Gaussian below abou
n
ys
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e
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K. The width of this Gaussian is almost temperature ind
pendent and decreases with increasing Sr concentration.
observation of a Gaussian line infers a distribution of vario
Cu exchange fields on different Nd sites and is interprete
terms of the stripe model. In La1.82ySr0.2NdyCuO4 (y
50.3,0.6) no indication for a Nd-Cu interaction has be
found, i.e., a single quasielastic Lorentzian is observed.
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