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Temperature and doping-level dependence of magnetic order in La22xSrxNiO41d

studied by muon spin rotation
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We report muon-spin-rotation (mSR! measurements on a series of compounds with composition
La22xSrxNiO41d with strontium doping levelx between 0 and 1. A magnetic transition is found in all the
samples studied, which occurs at a composition-dependent temperature,TM . Below TM clear precession
signals are observed in zero applied magnetic field for allx, indicating the existence of at least short-range
magnetic order on a time scale longer than 1028 s. AboveTM the magnetic correlation times decrease by
several orders of magnitude. Atx'0.33, we find peaks in bothTM and the zero-temperature staggered
magnetization, an observation which we attribute to the higher degree of localization of the holes at this doping
level. The measurements ofTM as a function ofx extend the determination of Ne´el temperatures by previous
neutron diffraction andmSR measurements.@S0163-1829~99!09505-3#
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I. INTRODUCTION

La2NiO4 and La2CuO4 are antiferromagnetic insulator
with the layered perovskite~K2NiF4! structure; they have a
high degree of oxygen 2p character in the valence band an
transition metal 3d character in the conduction band. Ho
doping can be achieved by~1! substitution of Sr21 for La31

or ~2! intercalation of excess oxygen. Althoug
La22xSrxCuO41d and La22xSrxNiO41d are isostructural
~though with different tilting distortions!, there are dramatic
differences in the effects of hole doping on their electri
and magnetic properties. In La22xSrxCuO41d antiferromag-
netic long-range order is replaced by short-range tw
dimensional~2D! correlations forx>0.02 ~Refs. 1 and 2!
and the material becomes metallic and superconducting
the maximumTC at x;0.15.3 La22xSrxNiO41d shows sig-
nificant enhancement in conductivity~seen beyondx50.6),
with truly metallic behavior down toT55 K beyondx;1,
but no superconductivity is observed at any composition4,5

The differences between La22xSrxCuO41d and
La22xSrxNiO41d provide an incentive to understand the n
ture of the ground state in the doped nickelates and co
quently their magnetic properties have been investigated
ing a variety of methods. Electron diffraction6 and neutron
scattering7–12 measurements have been instrumental in p
viding detailed microscopic information on the arrangem
of the spins and holes in lightly doped nickelates. Elect
diffraction studies6 find evidence for a 2D ordered array o
localized doped holes at low temperatures forx,0.5. The
spin as well as the charge structures have also been pr
extensively by neutron diffraction measurements.7–16 These
studies in general agree that as the doping level of the h
in the nickelates is increased, 3D antiferromagnetic orde
suppressed and is replaced by 2D incommensurate cor
tions within the Ni-O planes. In particular, many interesti
measurements have been reported for samples with no s
PRB 590163-1829/99/59~5!/3775~8!/$15.00
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tium, i.e.,x50,dÞ0. For example, Refs. 9 and 11 report a
ordering of interstitial oxygens ford50.125 near room tem-
perature and provide convincing evidence that below 110
the magnetic state consists of antiferromagnetic stripes
nickel spins separated by periodically spaced antiphase
main walls to which the holes segregate. In La2NiO41d mag-
netic order remains commensurate for 0,d,0.11, although
there is a pronounced variation of the magnetic transit
temperature (TM) with d. Whereas a large number of article
have been published on the properties of La2NiO41d and
La22xSrxNiO41d with x50.33, less is known about th
properties of the strontium doped materials forxÞ0.33, es-
pecially for largex. Anomalies in the magnetic susceptibilit
and resistivity have been reported5,6,17 for x5 1

3 and 1
2 . Hole

ordering in the Ni-O planes, perhaps enhanced by comm
surability effects at these magic numbers,6,13,17 are believed
to be responsible for this behavior. Furthermore, a rec
neutron scattering study18 of La1.67Sr0.33NiO4 suggests that
charge ordering is the driving force for magnetic ordering
this material.

In this paper we significantly extend earlier muon-sp
rotation (mSR! studies19 of the magnetism of
La22xSrxNiO41d to cover the range 0.00,x,1.00, allowing
us to answer questions about the magnetic phase diag
and the appropriate parameter for the characterization of
magnetic to nonmagnetic transition. ThemSR technique,20

by virtue of the sizeable magnetic moment of the muon~spin
1/2, gyromagnetic ratiogm52p31.35543108 Hz/T!, is a
sensitive method for investigatinglocal magnetic order in
solids and spin fluctuation rates in the range 104–1012 s21.
Our measurements complement other investigations of
nickelates by~1! providing information on the temperatur
and composition dependence of the magnetic short-range
der parameter,~2! enabling estimates of the magnetic tran
tion temperaturesTM and the corresponding phase diagra
to be made, and~3! making estimates of the spin fluctuatio
rates.
3775 ©1999 The American Physical Society
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In particular, unambiguous evidence of a magnetic tran
tion is found in all the samples studied. Below the transit
temperature we observe muon precession signals in z
applied field. This shows that there is at least short ra
magnetic order on a time scale longer than 1028 s at low
temperatures, indicating that speculations21,22 that the stron-
tium doped compounds might have a spin glass ground s
for certain doping levels need reexamination~see Sec. IV!.
AboveTM the correlation time of the internal magnetic fie
at the muon decreases by several orders of magnitude
interesting observation is that bothTM and the zero tempera
ture staggered magnetizationM†(x,T50 K) show a peak at
x50.33, a fact that we believe is due to the enhanced h
localization at this strontium doping level.

The remainder of this article is arranged as follows.
Sec. II details of the sample preparation and characteriza
procedure are given. In Sec. III we give a short description
mSR techniques used in this study and in Sec. IV we pres
and discuss our results, stressing in particular the magn
order in the samples, the dynamic and static nature of the
spins, and the phase diagram of the doped samples. In
section we also discuss the likely muon site~s! in our
samples. Section V contains concluding remarks.

II. SAMPLE PREPARATION AND CHARACTERIZATION

Table I lists the nineteen polycrystalline La22xSrxNiO41d
samples that were investigated, including six samples
which earliermSR measurements were done.19 The samples
studied were prepared as follows: stoichiometric quanti

TABLE I. Polycrystalline La22xSrxNiO41d samples studied and
magnetic transition temperaturesTM obtained frommSR measure-
ments.

x d TM~K!

0.00 0.009~4!b 33565
0.15 0.01~1! 2869
0.20 0.08~1! 133614
0.20 0.052~3!b 12569
0.25a 0.090 11966
0.33a 0.09~1! 18067
0.33 0.010~4!b 20762
0.33 0.08~1! 20469
0.40a 0.08~1! 118613
0.40 0.06~1! 13167
0.40 0.008~3!b 10765
0.50a 0.065~3!b 73610
0.50 0.006~4! 53610
0.60a 0.095~4!b 6765
0.60 0.01~1! 7562
0.80 0.05~1!b 8068
1.00a 0.063~4!b 44614
1.00 0.02~1! 4965
1.00 0.007~3!b 4265

aData from Ref. 19.
bIndicates determination of the oxygen content by thermogravim
ric analysis~TGA! and iodometry ~the oxygen content in the re
maining samples were obtained using TGA only!.
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of SrCO3, La2O3 ~dried at 800 °C! and nickel powder were
dissolved in 150 ml of dilute nitric acid. Citric acid an
ethylene glycol were added and the mixture was hea
while stirring, to evaporate the solution. The resulting g
was decomposed at 350 °C overnight and the powder
duced was refired at 800 °C in air, made into pellets a
refired at temperatures between 1250 and 1450 °C in O2 for
an average of 10 days with several intermittent regrindin
Samples with a low oxygen doping were prepared by ann
ing in a N2 atmosphere with 10% H2 at ;300 °C for 6 h.
The phase purity of all samples was confirmed using x-
powder diffraction. The oxygen content of the samples w
determined by thermogravimetric analysis under 8% H2 in
N2. Some of the samples were also characterized by iod
etry ~see Table I!.

III. EXPERIMENTAL ASPECTS

All the samples were measured using themSR technique
at the EMU and MuSR beamlines at ISIS~U.K.! to deter-
mine the temperature dependence of the initial decay as
metry and the high-temperature relaxation rates~see below!.
In addition, selected samples were investigated at thepM3
and mE1 beamlines at PSI~Switzerland!. It is important to
note that PSI is a continuous-source muon facility while IS
provides a pulsed beam of muons with a half width at h
maximum of 70 ns. Because of the relatively low rando
background positron counts at a pulsed muon source, exp
ments at ISIS are able to measure data reliably to lon
times (;16 ms! than at PSI (;7 ms!. However, signals
with precession frequencies and relaxation rates greater
;5 MHz or 5ms21 are not resolvable at ISIS. In contrast,
PSI much higher frequencies and relaxation rates can be
served.

In a mSR experiment20 a beam of nearly completely po
larized positive muons~in most of our experiments with
nominal momentum of 28 MeV/c! is stopped in a targe
sample. The muons~lifetime 2.2 ms! occupy an interstitial
position in the crystal, typically within much less than on
nanosecond. The observed quantity is the time evolution
the muon-spin polarization, which depends on the distri
tion of internal magnetic fields and their temporal fluctu
tions. Each muon decays into two neutrinos and a posit
that is emitted preferentially along the instantaneous dir
tion of the muon spin. Thus recording the time depende
of the positron emission directions gives direct informati
about the spin polarization of the ensemble of muons. T
behavior of the polarization depends on the local magn
field at the muon site and hence enables us to investi
short-range magnetic order in these materials.

In our experiments positrons are detected by scintillat
counters placed forward and backward to the initial mu
polarization direction. HistogramsNF(t) and NB(t) record
the number of positrons detected in the forward~F! and
backward~B! detector as a function of time following th
muon implantation. We have

Pz~ t !5
NB~ t !2aNF~ t !

NB~ t !1aNF~ t !
, ~3.1!

t-
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where a is an experimental calibration constant which
usually close to unity.Pz is the spin polarization function
@typically with Pz(0)'0.2], and is the quantity of interest i
a muon experiment.

If all the muons sense the same internal magnetic fi
Bm , their moments will precess at the Larmor frequen
vm52pnm5gmBm ~provided thatBm is not parallel to the
initial muon polarization!. However, if thedirection of the
magnetic field is random but its magnitude is the same~such
as in a polycrystalline sample!, the muon-spin polarization
function will be given by

Pz~ t !5Gi~ t !1G'~ t !cos~vmt !, ~3.2!

whereG'(0)/Gi(0)52. The first term describes the pola
ization parallel to the local fields~zero-frequency compo
nent! while the second term describes the precession
relaxation of transversecomponents. In the absence of a
external field, the frequencyvm is proportional to the inter-
nal magnetic field at the muon site and hence to the lo
magnetic order parameter, i.e. the staggered magnetiza
The form of Gi(t) and G'(t) can also provide importan
information on whether the magnetic field at the muon site
static or dynamic. There are several cases which are rele
for the interpretation of our experimental results:~1! If the
internal fields are static and their magnitudes take on a si
value,Gi(t)51/3 andG'(t)52/3. ~2! If the internal fields
are static but there is a distribution in their values,Gi(t)
51/3 but G'(t) will be a relaxing function.~3! Finally, if
the muon senses temporal fluctuations in the magnetic fi
both Gi(t) and G'(t) will decay. In the majority of our
experimentsPz(t) was monitored with no external field ap
plied, so it reflects the interaction of the implanted mu
with the internal magnetic field. This is called zero field~ZF!
mSR ~the Earth’s magnetic field was compensated to be
than 10 mT!. Longitudinal-field ~LF! measurements, in
which an external magnetic field is applied parallel to t
initial muon polarization direction, were also made on so
of the samples. In our experiments, polycrystalline samp
of a typical mass of 2 g were packed in a silver foil~thick-
ness 25mm! pocket~typical dimensions are 20 mm317 mm
32 mm! and mounted on a silver backing plate in the c
ostat. Silver is used because it gives a nonrelaxing m
signal @and hence only contributes an added constan
Pz(t)].

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, we begin by describing the general f
tures of the data. Then, in various subsections, we elabo
on particular aspects and discuss their physical relevanc
more detail. There are two distinct temperature regimes in
the samples we have examined. In the ISIS experiments
following results were obtained: At temperatures above
magnetic transition temperatureTM ,Pz(t) is well described
by a Gaussian functionAe2s2t2. However, whenT,TM
there is a marked decrease in the apparent initial amplit
as well as a change in the line shape to a more expone
character. The decrease in the observed asymmetry is d
a fast-relaxing and/or a high-frequency component wh
cannot, as discussed in Sec. III, be resolved at ISIS. T
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results in an apparent missing fraction in the data belowTM
since fast oscillations and/or fast relaxations will be avera
to zero, i.e.,Pz(t)5Gi(t). By contrast, for each of ou
samples the fast oscillations were resolvable at PSI. Thi
illustrated in Fig. 1. The frequencies of the oscillations a
obtained by fitting Eq.~3.2! to the data in the relevant tim
range. The following phenomenological functions are
sumed in order to accurately model the zero-frequency c
ponent and the rapid decay of the oscillations:

Gi~ t !5a exp~2l it !, ~4.1!

G'~ t !5b exp~2l't !. ~4.2!

A constant nonrelaxing term is also added to model the
larization of muons which miss the sample and stop in
silver backing plate. In all the samples measured at PSI
observed clear single frequency oscillations in zero app
field ~see Fig. 1!, except in the almost stoichiometric samp
(x50.00, see Table I! where we findtwo oscillatory signals
~see also Ref. 32!. The secondlow frequency signal can also
be seen in the ISIS data for temperature above'100 K. In
Sec. IV D below we discuss how we can associate the
frequencies with particular muon sites within the crystal.

The magnetic transition temperatureTM for each of the
samples is listed in Table I. This quantity is estimated
studying the temperature dependence of the zero-field in
amplitudes using a coarse binning of the data. We defineTM
as the temperature corresponding to 0.5D and the lower and
upper bounds forTM as the temperatures corresponding
0.2D and 0.8D, whereD is the change in the initial ampli
tude between the high and low temperatures. Figure 2 sh
a typical result.

FIG. 1. Time dependence of the muon decay asymmetry
La22xSrxNiO41d ~see Table I!. We display~a! the short time be-
havior forx50.00, showing fast, relatively long-lived coherent pr
cession and~b! the short time behavior forx50.80, showing
damped coherent precession. The smaller error bars in~b! result
from higher counting statistics.
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3778 PRB 59Th. JESTÄDT et al.
A. Magnetic order in samples

As mentioned above, in all samples coherent preces
in zero applied field is observed belowTM . This implies that
at a particular temperature belowTM the muon senses a
internal magnetic field of essentially constant magnitu
which is either static or quasistatic on a time scale of
order of microseconds. The Larmor frequencynm(x,T) of
the oscillations is proportional to the magnetic fieldBm(x,T)
at the muon site,nm5gmBm /(2p), and hence to the stag
gered magnetizationM†(x,T). We attribute the source of th
internal field to the ordered nickel moments in the vicinity
the muon.

Some authors have suggested on the basis of mag
susceptibility measurements that La22xSrxNiO41d might
have a spin glass ground state.21,22 In a spin glass the muon
would see a very broad distribution of local magnetic fiel
leading to a noncoherent precession.23 Such a behavior is no
found in our experiments. We conclude that our samples
not show spin-glass behavior but cannot rule out the po
bility that there is a small fraction of each sample (,5%!
that might exhibit spin glass behavior which dominates
magnetic susceptibility, but because of its low volume fra
tion is unobservable inmSR.

Figure 3 shows the temperature dependence ofnm(x,T)
for several different dopings. A fit of our data to the functio

FIG. 2. Initial muon decay asymmetry for thex50.20,
d50.052~3! sample~see Table I!, as measured at ISIS. The ma
netic transition temperatureTM is indicated~see text!.

FIG. 3. Temperature dependence of muon precession freq
cies in La22xSrxNiO41d for various x values. The lines are the
fitting functionsnm(x,T)5nm(x,0 K)@12T/TM(x)#b(x).
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nm(x,T)5nm(x,0 K)$12@T/TM(x)#%b(x) using the values of
TM listed in Table I yields a value ofb(x) of 0.2260.02 and
0.2260.01 for thex50.33 samples (d50.009 and 0.08, re-
spectively!, 0.2260.02 for x50.80, 0.2460.04 for x51.0
and 0.4360.04 forx50.60. Our functional form ofnm(x,T)
gives a good description of the data over the complete t
perature range. Theoretical values of the exponentb for 3D
Heisenberg,XY and Ising systems are 0.38, 0.33, and 0.
respectively,24 while the value for a 2DXY model25 is 0.23,
consistent with values found in other 2D magne
systems.26,27 The values ofb for most of our samples are
close to the theoretical value for 2DXY systems, and are
consistent with the two-dimensional character of these m
rials even though the functional form used is normally on
expected to be applicable to a small range below the t
perature of the phase transition. Thex50.60 sample shows a
qualitative difference of the temperature dependence fr
the other samples. The reason for this difference in beha
for this composition is not clear at present.

It is notable that magnetic order persists in these sam
to much higher hole concentrations than
La22xSrxCuO41d .28 This is consistent with the suggestion27

that mobile holes are more effective in destroying the
change interaction giving rise to magnetic order than l
mobile holes.4 The holes in La22xSrxNiO41d have a greater
3d character compared to those in La22xSrxCuO41d and are
therefore expected to be less mobile. The existence of
mobile holes is also consistent with the much higher Sr d
ing concentration needed to induce metallic conductivity
La22xSrxNiO41d ~Ref. 4 and below!.

Figure 4~a! shows the doping dependence of the Larm
frequencynm(x,T50 K) extrapolated toT50 K. The data
set~excluding thex50.33 points! is fitted to the phenomeno
logical function27 nm(x,T50 K)5nm(x50,T50 K)3(1
2 x/xc)

n, and as best fit we getxc51.02 andn50.113. Rea-
sonable fits can also be obtained for values 1.02<xc
,;1.08, see Fig. 4~a!. xc can be interpreted as the dopin
level where the magnetic order is lost and a phase trans
to a metallic state occurs. Our estimate ofxc is consistent
with the valuexc'1 determined by an NMR study.29 Note
that the values ofnm in our less heavily doped samples a
close to the high frequency precession in the undoped m
rial @Fig. 1~a!#. This implies that theaveragelocal field de-
tected by the muon is similar in the doped and the par
material, a result which was also found30 in lightly doped
La22xSrxCuO4. However, there is a peak in the frequency
x50.33. Such behavior is qualitatively consistent with
higher localization of the holes at this concentration allud
to in the Introduction. The model presented in Ref. 27
explain the anomalous low-temperature rise in the local m
netic field seen by the muon in La22xSrxCuO4, suggests that
the effective size of the magnetic domains determines b
the local staggered magnetization and the transition temp
ture TM . In particular, both these quantities decrease w
decreasing domain size. Within the context of this model,
can visualize that in La22xSrxNiO4 samples wherexÞ0.33,
the holes act similar to ‘‘flowing rivers’’ of charge which
form walls in the Ni-O planes separating undoped antifer
magnetic~AFM! domains. However, atx50.33, the holes
are more localized and this leads to larger effective dom
sizes and hence a corresponding increase in the local s

n-
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gered magnetization. Note that this model also predicts
existence of a peak inTM , an issue that we will return to in
Sec. IV C.

B. Static and dynamic nature of the nickel spins

We now discuss the damping ratesl' of the oscillating
signals as well asl i @see Eqs.~4.2! and~4.1!, respectively#.
The implications of these results will be discussed in
context of our previousmSR study19 of polycrystalline
La22xSrxNiO4 as well as to neutron measurements in nic
elates with lower hole doping levels8,9,11 ~these show evi-
dence for stripe spin and hole order, a phase which is q
different from the Ne´el state of the parent material31!. The
observation thatl'@l i for all x, as shown in Figs. 4~b! and
4~c!, indicates that the relaxation of the oscillations is dom
nated by thestatic distribution of the neighboring Ni spins
Nevertheless, somedynamicbroadening, i.e., fluctuations o
the Ni spins, is undoubtedly present sincel i is nonzero.

The large values ofl' indicate that there is a significan
inhomogeneity in the local spin structure around the mu
This broadening ranges froml'(x,T→0 K)/@2pnm(x,T
→0 K)] 51.8 % in the x50.00, d50.009 sample to
'28.2% in thex51.00,d50.00 sample. Such inhomogen

FIG. 4. ~a! Low-temperature Larmor frequency vs doping lev
x ~see text!. Note the peak atx50.33. We also display a range o
reasonable fits to the phenomenological functionnm(x,T50 K)
5nm(x50,T50 K)3(12 x/xc)

n, with (xc51.02, n50.113!,
(xc51.05, n50.138! and (xc51.075, n50.152!. ~b! Low-
temperature damping ratel' as a function of x. ~c! Low-
temperature damping ratel i as a function ofx.
e

e

-

te

-
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ities might arise from the formation of stripe phases; ho
ever, the muon is not sensitive to the details of this local s
structure, as evidenced by the nearly constantl' for xÞ0.
~No clear correlation is seen between stripe formation at
‘‘special’’ doping value ofx50.33 andl' .) The spin fluc-
tuation rates are significantly less thangmBm since coherent
precession is observed, implying that the correlation time
the nickel spins is longer than 1028 s at low temperatures. In
this context it is interesting to note that in a sample w
x50.2 (d not measured! the magnetic correlation time fo
correlated regions~stripes! was found by neutron scattering12

to be longer than;10211 s at 2 K and of the order o
;10212 s at 80 K.

The source of the muon relaxation forT@TM was attrib-
uted earlier tonuclear dipolar fields.19 In our present study
we have confirmed this for a number of samples by the
servation that a weak longitudinal field of'10 mT is suffi-
cient to quench the relaxation, i.e.,Pz(t) is almost constant.
This was checked in thex50.25, x50.33, x50.40, x
50.50, andx51.00 samples. The nuclei responsible for t
relaxation are likely to be139La, the most abundant specie
with nonzero nuclear spin~the natural abundances are138La
0.089% and139La 99.911%, the nuclear spin of139La is 7/2!.
In this high-temperature range the fluctuation rate of
nickel moments is much higher than the Larmor frequency
the muon; hence, the muon polarization does not relax~mo-
tionally narrowed limit!.

In the fast fluctuation limit in zero applied field the exp
nential relaxation rate above the magnetic transition is gi
by23,33 l52gm

2 Brms
2 t. Here t is the correlation time of the

internal field andBrms is the rms internal magnetic field at th
muon site, assumed to be of the order of the average m
netic field sensed by the muons at the lowest temperatu
We estimatedl from a short-time exponential fit toPz(t).
This fit is valid since the Gaussian relaxation~see above!
will be dominant only on a longer time scale.34 A represen-
tative plot of the temperature dependence obtained from
relaxation rates, is displayed in Fig. 5.l is too small to be

FIG. 5. Exponential relaxation ratel and spin fluctuation raten
~inset! for the La1.67Sr0.33NiO4.010 sample in zero magnetic field
The fluctuation rate is calculated in the fast fluctuation limit~see
Sec. IV B!.
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3780 PRB 59Th. JESTÄDT et al.
measurable at 300 K so that usingl!0.01 ms21 we esti-
mate that the correlation time of the Ni spins is smaller th
10213 s ~shorter than previously19 reported!. We also note
that the muon is not diffusing very rapidly on a microseco
time scale since a coherent precession is observed bymSR in
stoichiometric La2NiO4 up to 335 K.

C. Phase diagram of the magnetic transition

We now discuss the dependence ofTM on the strontium
doping concentration. The measurements are summarize
Fig. 6. The differentTM values for a givenx are associated
with different values ofd, e.g., the three values ofTM rep-
resented forx50.40 correspond tod50.08, d50.06, and
d50.008. The transition temperatures for a particularx are,
however, very close to each other even thoughd is different
in each case~see Table I!. Contrast this behavior with the
x50 material@see inset~b! in Fig. 6, data taken from Refs
7,16,35–37#, where a drastic initial drop in the magnet
transition temperature is seen with increasingd. We find that
TM first drops with increasingx, reaches a minimum a
x;0.15, and then rises again to a maximum of'205 K for
x50.33. For largerx the transition temperature again drop
falling to a value of about 45 K at our highest doping leve
~Fig. 6!.

In Ref. 19 we speculated thatp5x12d might be the
relevant parameter for controlling the magnetic transit
temperature, following a suggestion based on neut
measurements.8 Our current study, making use of many mo
samples, demonstrates that this appears to be incorrec
La22xSrxNiO41d wherexÞ0 ~see Table I!. This is particu-
larly obvious from inset~a! in Fig. 6 where there are a num
ber of very differentTM values for a particular value ofp.
The interstitial accommodation of oxygen requires a lo

FIG. 6. Phase diagram for La22xSrxNiO41d . Multiple entries
for the samex value are associated with differentd values ~see
Table I!. The solid line is a guide to the eye. Inset~a! shows the
same data set, plotted as a function ofp5x12d. Clearly p is not
the appropriate parameter for the characterization of the magn
transition temperature. Inset~b! shows the dependence of the ma
netic transition temperature on the oxygen doping in La2NiO41d

~taken from references cited in the text!. A similar sensitivity of the
transition temperature to oxygen doping is not apparent in the st
tium doped compounds that we have studied~see Sec. IV C!.
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in
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n
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lattice distortion37 while quite different structural conse
quences result from Sr substitution.38 Both these structura
effects are likely to have significant, but dissimilar, effec
on the magnetic properties even when the nominal hole c
centration is identical.

Based on neutron scattering experiments, it has b
suggested13 that spin stripe ordering is driven by charge o
dering. Thex50.33 doping has attracted much attention b
cause it demonstrates pronounced charge ordering~at 239
K!.13,17 We believe that the loss of hole mobility is respo
sible for the pronounced increase inTM ~Fig. 6! at this dop-
ing level. In view of our earlier discussion~Sec. IV A! re-
garding the effects of the magnetic domain size onnm(x,
T50 K!, a peak inTM is also expected and indeed observ
at this special concentration. Forx50.5, anomalies in bulk
properties, e.g., resistivity,17 have previously been observe
at higher temperatures (;340 K!, but the features were
much broader and weaker than those forx50.33. We find no
evidence of another peak inTM at this hole doping level.

D. Muon site

In agreement with Ref. 32 we find two distinct values
nm in our x50.00 sample, which can be attributed to tw
muon sites. There is no indication of a second muon site
any of the Sr doped samples. In order to arrive at poss
muon sites in La22xSrxNiO41d , we have performed dipole
field calculations, analogous to those describ
elsewhere.39,40 The local magnetic fieldBm(rm) sensed by
the muon is given by the sum of the dipolar fieldBdip(rm),
due to Ni moments and the hyperfine fieldBhf(rm), due to
any nonzero electron spin density at the muon site. Althou
we lack knowledge of the hyperfine coupling constant it
assumed to be small, as in the case39 of La2CuO4 and other
magnetic oxides. With this assumption the magnetic field
the muon site can be calculated as a sum of dipolar con
butions

Bm~rm!5(
i

3~mi•ni !ni2mi

urm2r i u3
, ~4.3!

where rm is the position of the muon,mi is the effective
magnetic moment of theith nickel ion, andni is the unit
vector from the muon to the nickel ion at siter i . The mag-
netic momentmi of La2NiO4 has been measured by neutro
diffraction.35,36 The values obtained in the two studies we
0.75 and 0.85mB , respectively. In our calculations we a
sumed the mean of those values, i.e.,umi u50.80mB . From
Ref. 35 we have taken the lattice parameters~neglecting the
small differences in the two lattice constantsa andb) of a
5b53.87 Å,c512.63 Å and the spin structure as shown
Fig. 7~a!. The sum in Eq.~4.3! was evaluated numerically b
taking into account nickel spins within a radius of 15a about
rm .

In the Ni-O plane the field distribution is rather flat in th
center of the plane but changes rapidly near the nickel s
~where the field diverges! and the oxygen sites~where the
field is zero!; see Fig. 7~b!. As one would expect, outside thi
plane the field is much smaller, and becomes smallest in
z/c51/4 plane~where the maximum value isuBu541 mT!.
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FIG. 7. ~a! Structure~Ref. 35! of La2NiO4. The nickel moments, symbolized by arrows, point along the^110& directions. The lattice
parameters~Ref. 35! are a5b53.87 Å, c512.63 Å. ~b! Contour plot of the dipole field in thez/c50 plane. The nickel moments ar
symbolized by arrows at the corners of the square. The shaded region corresponds to the computed muon positions. The magn
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We selected sites which are within 15% of 260 mT; t
field value corresponds to the high precession frequency
served in our nearly stochiometric sample,x50.0, d
50.009. The 15% tolerance reflects the uncertainty in
magnetic moment from the neutron measurements. We
that the muon distance to the Ni-O plane should be sma
than 1.3 Å. Restrictions can be imposed because cryst
graphically equivalent sites in the unit cell do not experie
the same magnetic field~the field symmetry is reduced du
to the spin structure!, i.e., in generaluB(x,y,z)uÞuB(x,b
2y,z)u. Assuming that the field distribution is less than 5
of the mean value~given in Sec. IV B!, the two possible site
in the Ni-O plane are~1! x/a50.4, y/b50 ~and equivalent
sites! and ~2! those regions in Fig. 7~b! which are shaded
For case~1! the distance to the oxygen~at x/a50.5, y/b
50) would be rather small compared to typical O-H bond
lengths of 1 Å. We conclude that within the magnetic dip
approximation, position~2! is the most likely muon site in
the Ni-O plane. An analogous treatment for the second lo
precession frequency in La2NiO4 leads to a range of possib
second muon sites, some of which are consistent with
ones proposed for La2CuO4.
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V. CONCLUSIONS

In conclusion, we have studied magnetic order
La22xSrxNiO41d for a large number of samples where
<x<1 and demonstrated that local magnetic order exist
all samples below anx-dependent transition temperatureTM .
1

b-

e
d

er
o-
e

er

e

in

This enabled us to probe the temperature dependence o
short-range order parameter in the samples and make
mates of the correlation times below and above the trans
temperature. We have extended the information on magn
transition temperatures to doping values other than those
viously reported, and conclude that, in contrast to previ
speculations,8,19 the appropriate parameter for controlling t
magnetic transition temperature for nonzerox is not p5x
12d, but x itself. In light of the coherent precessions o
tained in the experiments, the previous speculation21,22 that
the ground state for these materials at higher strontium d
ing levels is a spin glass needs further exploration. We
evidence for an enhancement inTM and the zero temperatur
staggered magnetization associated with doping atx5 1

3

which may be connected with enhanced hole ordering.
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