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We report muon-spin-rotation fSR) measurements on a series of compounds with composition
La, ,SrNiO,, s with strontium doping levek between 0 and 1. A magnetic transition is found in all the
samples studied, which occurs at a composition-dependent temperureBelow Ty, clear precession
signals are observed in zero applied magnetic field fox alhdicating the existence of at least short-range
magnetic order on a time scale longer tharm 4@. Above Ty, the magnetic correlation times decrease by
several orders of magnitude. At~0.33, we find peaks in botfy, 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 f, as a function ok extend the determination of Metemperatures by previous
neutron diffraction angkSR measurementsS0163-182€09)09505-3

I. INTRODUCTION tium, i.e.,x=0,6#0. For example, Refs. 9 and 11 report an
ordering of interstitial oxygens fof=0.125 near room tem-
La,NiO, and LaCuQ, are antiferromagnetic insulators Pperature and provide convincing evidence that below 110 K
with the layered perovskiték,NiF,) structure; they have a the magnetic state consists of antiferromagnetic stripes of
high degree of oxygenf2character in the valence band and nickel spins separated by periodically spaced antiphase do-

transition metal @ character in the conduction band. Hole Man walls to Wh!Ch the holes segregate. I, , mag-
doping can be achieved k) substitution of St* for La®* netic order remains commensurate fox 8<0.11, although
or (2) intercalation of excess oxygen. Although there is a pronounced variation of the magnetic transition

. . temperature with 8. Whereas a large number of articles
La, ,Sr,CuQ,,s and Lag_,SrNiO,, s are isostructural P Ti) 9

(though with different tilting distortions there are dramatic have been published on the properties obNid. ; and

X . ! . - La, SrNiO,, s with x=0.33, less is known about the
differences in the effects of hole doping on their elecmcalproperties of the strontium doped materials fot 0.33, es-

and magnetic properties. In aSKCuQ,, ; antiferromag-  pacially for largex. Anomalies in the magnetic susceptibility
netic long-range order is replaced by short-range twoypq resistivity have been reporféd’ for x=1% and. Hole
dimensional(2D) correlations forx=0.02 (Refs. 1 and P ordering in the Ni-O planes, perhaps enhanced by commen-
and the material becomes metallic and superconducting Witgurabi”ty effects at these magic numb@rs;*” are believed

the maximumTc at x~0.15% La,_,SKNiO, 5 shows sig-  to be responsible for this behavior. Furthermore, a recent
nificant enhancement in conductivigeen beyonk=0.6),  neutron scattering studfyof La, St 2dNiO, suggests that
with truly metallic behavior down t@=5 K beyondx~1, charge ordering is the driving force for magnetic ordering in
but no superconductivity is observed at any composition.  this material.

The differences between La,SrCuQ,,s and In this paper we significantly extend earlier muon-spin-
La,_,SK,NiO,, 5 provide an incentive to understand the na-rotation (SR studies® of the magnetism of
ture of the ground state in the doped nickelates and conséa, ,Sr,NiO,, sto cover the range 0.80x<<1.00, allowing
guently their magnetic properties have been investigated usts to answer questions about the magnetic phase diagram
ing a variety of methods. Electron diffractfband neutron and the appropriate parameter for the characterization of the
scattering™'? measurements have been instrumental in promagnetic to nonmagnetic transition. TheSR techniqué?
viding detailed microscopic information on the arrangemenby virtue of the sizeable magnetic moment of the m(&pin
of the spins and holes in lightly doped nickelates. Electronl/2, gyromagnetic ratioy, =2 X 1.3554x 16® Hz/T), is a
diffraction studie$ find evidence for a 2D ordered array of sensitive method for investigatingcal magnetic order in
localized doped holes at low temperatures ¥6r0.5. The solids and spin fluctuation rates in the rangé-4m0t? s,
spin as well as the charge structures have also been prob&@lr measurements complement other investigations of the
extensively by neutron diffraction measurement$. These nickelates by(1) providing information on the temperature
studies in general agree that as the doping level of the holesnd composition dependence of the magnetic short-range or-
in the nickelates is increased, 3D antiferromagnetic order isler parameter(2) enabling estimates of the magnetic transi-
suppressed and is replaced by 2D incommensurate correlden temperatured,, and the corresponding phase diagram
tions within the Ni-O planes. In particular, many interestingto be made, an@3) making estimates of the spin fluctuation
measurements have been reported for samples with no strorates.
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TABI._E l. quycrystalline LQ,XSrXNiQHa samples studied and  of SrCQ;, La,0; (dried at 800 °¢ and nickel powder were
magnetic transition temperaturgy obtained fromu.SR measure-  gissolved in 150 ml of dilute nitric acid. Citric acid and

ments. ethylene glycol were added and the mixture was heated,
while stirring, to evaporate the solution. The resulting gel

X ° Tu(K) was decomposed at 350 °C overnight and the powder pro-
0.00 0.004)° 335+5 duced was refired at 800°C in air, made into pellets and
0.15 0.011) 28+9 refired at temperatures between 1250 and 1450 ° C,ifo©
0.20 0.081) 133+14 an average of 10 days with several intermittent regrindings.
0.20 0.0523)° 125+9 _Samples with a low oxygen doping were prepared by anneal-
0.25 0.090 119-6 inginaN, atm_osphere with 10% Hat ~SQO°C for. 6 h.
0.3% 0.091) 180+7 The phas.e purity of all samples was confirmed using x-ray
0.33 0.0104) 207+2 powder_ diffraction. The oxygen content o_f the sample_s was
0.33 0.081) 204+9 determined by thermogravimetric analysis un_der 8%|-rh-l
0.4G° 0.081) 118+13 N,. Some of the samples were also characterized by iodom-
0.40 0.061) 1317 etry (see Table)l
0.40 0.0083)° 107+5
0.5¢% 0.0653)° 73+10
0.50 0.0064) 53+10 Il. EXPERIMENTAL ASPECTS
0.60" 0.0954)° 67+5 All the samples were measured using #8R technique
0.60 0.011) 75+2 at the EMU and MuSR beamlines at IS(B.K.) to deter-
0.80 0.0%1)° 80+8 mine the temperature dependence of the initial decay asym-
1.0¢ 0.0634)° 44+14 metry and the high-temperature relaxation ratee below.

1.00 0.021) 49+5 In addition, selected samples were investigated atmthi3
1.00 0.0073)° 42+5 and wE1 beamlines at PSiSwitzerland. It is important to
note that PSI is a continuous-source muon facility while ISIS
“Data from Ref. 19. provides a pulsed beam of muons with a half width at half

bIndicates determination of the oxygen content by thermogravimetmaximum of 70 ns. Because of the relatively low random
ric analysis(TGA) and iodometry (the oxygen content in the re- packground positron counts at a pulsed muon source, experi-
maining samples were obtained using TGA only ments at ISIS are able to measure data reliably to longer
times (~16 us) than at PSI 7 us). However, signals

In particular, unambiguous evidence of a magnetic transiwith precession frequencies and relaxation rates greater than
tion is found in all the samples studied. Below the transition~5 MHz or 5 us™ ! are not resolvable at ISIS. In contrast, at
temperature we observe muon precession signals in zer®SI much higher frequencies and relaxation rates can be ob-
applied field. This shows that there is at least short rangserved.
magnetic order on a time scale longer than 4@ at low In a uSR experimerf a beam of nearly completely po-
temperatures, indicating that speculatfdrfd that the stron- larized positive muongin most of our experiments with
tium doped compounds might have a spin glass ground stateominal momentum of 28 MeY) is stopped in a target
for certain doping levels need reexaminati@ee Sec. IY.  sample. The muondifetime 2.2 us) occupy an interstitial
Above T, the correlation time of the internal magnetic field position in the crystal, typically within much less than one
at the muon decreases by several orders of magnitude. Amanosecond. The observed quantity is the time evolution of
interesting observation is that botl, and the zero tempera- the muon-spin polarization, which depends on the distribu-
ture staggered magnetizatidh'(x, T=0 K) show a peak at tion of internal magnetic fields and their temporal fluctua-
x=0.33, a fact that we believe is due to the enhanced holéons. Each muon decays into two neutrinos and a positron
localization at this strontium doping level. that is emitted preferentially along the instantaneous direc-

The remainder of this article is arranged as follows. Intion of the muon spin. Thus recording the time dependence
Sec. Il details of the sample preparation and characterizatioof the positron emission directions gives direct information
procedure are given. In Sec. lll we give a short description oBbout the spin polarization of the ensemble of muons. The
1SR techniques used in this study and in Sec. IV we presertehavior of the polarization depends on the local magnetic
and discuss our results, stressing in particular the magnetiteld at the muon site and hence enables us to investigate
order in the samples, the dynamic and static nature of the Nhort-range magnetic order in these materials.
spins, and the phase diagram of the doped samples. In this In our experiments positrons are detected by scintillation
section we also discuss the likely muon @jein our  counters placed forward and backward to the initial muon
samples. Section V contains concluding remarks. polarization direction. HistogramBg(t) and Ng(t) record

the number of positrons detected in the forwdFj and

backward(B) detector as a function of time following the
Il. SAMPLE PREPARATION AND CHARACTERIZATION muon implantation. We have

Table |1 lists the nineteen polycrystalline L3 Sr,NiO,4, 5
samples that were investigated, including six samples on
which earlieruSR measurements were doiielhe samples P(t)= Ng(t) — aNg(t) 3.1)
studied were prepared as follows: stoichiometric quantities z Ng(t)+aNg(t)’ ‘
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where a is an experimental calibration constant which is (a) x=0.00 (b) x=0.80
usually close to unityP, is the spin polarization function 03 275 K
[typically with P,(0)~0.2], and is the quantity of interest in o I

0.2
a muon experiment. }I el

If all the muons sense the same internal magnetic field 0.3f 200 K 0.3 T 10K
B, . their moments will precess at the Larmor frequency \
w,=2mv,=v,B, (provided thatB, is not parallel to the , ‘ , ¥ , ‘
initial muon polarization However, if thedirection of the O3 y 100K 0'3 20 K
magnetic field is random but its magnitude is the sdasueh P 2
as in a polycrystalline samplethe muon-spin polarization
function will be given by

P.(t)

P,()=Gy(t) + G, (t)cogw,t), (3.2

whereG, (0)/G(0)=2. The first term describes the polar-
ization parallel to the local field¢ézero-frequency compo- . . .
neny while the second term describes the precession anc 0 0.1 0.2 0.1
relaxation oftransversecomponents. In the absence of an t (ps) t (ws)

external fiel_d, t_he frequency , is p.roportional to the inter- FIG. 1. Time dependence of the muon decay asymmetry for
nal magnetic field at the muon site and hence to the local,, sy Nio,, ,; (see Table)l We display(a) the short time be-
magnetic order parameter, i.e. the staggered magnetizatiofayior forx=0.00, showing fast, relatively long-lived coherent pre-

The form of G|(t) and G, (t) can also provide important cession and(b) the short time behavior fox=0.80, showing
information on whether the magnetic field at the muon site ISdamped coherent precession. The smaller error baib)imesult

static or dynamic. There are several cases which are relevafibm higher counting statistics.
for the interpretation of our experimental result§) If the

internal fields are static and their magnitudes take on a singlre Its in an rent missing fraction in the data beT
value, G(t)=1/3 andG, (1) =2/3. (2) If the internal fields s?:ge?ast?)sci?lrl)gtiﬁs and?ir fgst?gla?xationsewil?t?e aflgwra ed
are static but there is a distribution in their valu€(t) 9

—1/3 but G, (t) will be a relaxing function(3) Finally, if ~ © 2€r0. i€, P;(t)=G(t). By contrast, for each of our

the muon senses temporal fluctuations in the magnetic fielcl?l,ﬁ]r:t?;:;hiﬁ ESt (;sc_ll_lrI]aetl?rnes l\jveer:(?iersesg‘hiﬁgliiilzignzhgés
both G(t) and G, (t) will decay. In the majority of our 9. & q

) . ; . obtained by fitting Eq(3.2) to the data in the relevant time
experiments,(t) was monitored with no external field ap- . ' :
) . : . ) range. The following phenomenological functions are as-
plied, so it reflects the interaction of the implanted muong 4 in order to accurately model the zero-frequency com-
with theinternal magnetic field. This is called zero fie{dF) y a Y

SR (the Earth’s magnetic field was compensated to bettePOnent and the rapid decay of the oscillations:
than 10 wuT). Longitudinal-field (LF) measurements, in
which an external magnetic field is applied parallel to the
initial muon polarization direction, were also made on some
of the samples. In our experiments, polycrystalline samples
of a typical mass ©2 g were packed in a silver foitthick-
ness 25um) pocket(typical dimensions are 20 mixi17 mm G (t)=bexp—A\,1). 4.2
X2 mm) and mounted on a silver backing plate in the cry-
ostat. Silver is used because it gives a nonrelaxing muo
signal [and hence only contributes an added constant t<?‘

PA(1)].

GH(t)Zan[X—K”t), 4.1

constant nonrelaxing term is also added to model the po-
arization of muons which miss the sample and stop in the
silver backing plate. In all the samples measured at PSI we
observed clear single frequency oscillations in zero applied
IV. EXPERIMENTAL RESULTS AND DISCUSSION field (see Fig. 1, except in the almost stoichiometric sample
(x=0.00, see Table) lwhere we findtwo oscillatory signals
In this section, we begin by describing the general fea{see also Ref. 32 The secondow frequency signal can also
tures of the data. Then, in various subsections, we elaboraise seen in the ISIS data for temperature absvk00 K. In
on particular aspects and discuss their physical relevance Bec. IV D below we discuss how we can associate the two
more detail. There are two distinct temperature regimes in afrequencies with particular muon sites within the crystal.
the samples we have examined. In the ISIS experiments the The magnetic transition temperatufg, for each of the
following results were obtained: At temperatures above th&amples is listed in Table I. This quantity is estimated by
magnetic transition temperatufig, ,P,(t) is well described  studying the temperature dependence of the zero-field initial
by a Gaussian functiome™ o°t’. However, whenT<T), amplitudes using a coarse binning of the data. We ddfjpe
there is a marked decrease in the apparent initial amplitudas the temperature corresponding toA0&nd the lower and
as well as a change in the line shape to a more exponentiapper bounds foil, as the temperatures corresponding to
character. The decrease in the observed asymmetry is due @A and 0.8, whereA is the change in the initial ampli-
a fast-relaxing and/or a high-frequency component whichtude between the high and low temperatures. Figure 2 shows
cannot, as discussed in Sec. lll, be resolved at ISIS. Thia typical result.
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- - - ' ' ' v, (X, T)=v,(x,0 K){1—[T/Ty(x)]}*™ using the values of
Ty listed in Table | yields a value g8(x) of 0.22+0.02 and

0.25F C 1 0.22+0.01 for thex=0.33 samples §=0.009 and 0.08, re-
N spectively, 0.22+0.02 for x=0.80, 0.24-0.04 for x=1.0
S o020f i and 0.43 0.04 forx=0.60. Our functional form o¥,(x,T)
o . gives a good description of the data over the complete tem-
oasks i L | perature range. Theoretical values of the expontefdr 3D
ASEE g PRI

i Heisenberg XY and Ising systems are 0.38, 0.33, and 0.31,
i respectively’* while the value for a 2DXY modef® is 0.23,
7 consistent with values found in other 2D magnetic
5 100 T, 260 00 systems??’ The values ofg for most of our samples are
T(K) close_ to the.theoretlcal yalue .for 2RY systems, and are
consistent with the two-dimensional character of these mate-
FIG. 2. Initial muon decay asymmetry for thg=0.20, rials even though the functional form used is normally only
5=0.0523) sample(see Table), as measured at ISIS. The mag- expected to be applicable to a small range below the tem-

0.10|

netic transition temperaturg,, is indicated(see text perature of the phase transition. Tke0.60 sample shows a
qualitative difference of the temperature dependence from
A. Magnetic order in samples the other samples. The reason for this difference in behavior

for this composition is not clear at present.

on . . . .
. . S Lo It is notable that magnetic order persists in these samples
in zero applied field is observed beldw, . This impliesthat ., ,,ch higher ghole confentrations than Fi)n

at a particular temperature below, the muon senses an La, ,SrCUO,, 5.2 This is consistent with the suggestidn

internal magnetic field of essentially constant magnitudéy o mohile holes are more effective in destroying the ex-
which is either static or quasistatic on a time scale of thenange interaction giving rise to magnetic order than less
order O.f m_|cr0§econds. The Larmor frequem,y(x,T) o mobile hole¢: The holes in La ,SrNiO,, s have a greater
the oscnlatlons_ is proportional to the magnetic fi@lg(x,T) 3d character compared to those in,LaSr,Cu0, . s and are

at the muon S.Itel.}M:TyMBM/(ZW)’ and hence 1o the stag- heretore expected to be less mobile. The existence of less
gered magnetizatioM '(x,T). We attribute the source of the qpije holes is also consistent with the much higher Sr dop-
internal field to the ordered nickel moments in the vicinity Ofing concentration needed to induce metallic conductivity in

the muon. ;
La, ,SrNiO Ref. 4 and belo
Some authors have suggested on the basis of magnetic 2Fiaurxe 4a§+siu()ws the doping glependence of the Larmor

susceptibility measurements that ,LaSrNiO,, s might frequencyw,,(x,T=0 K) extrapolated tor=0 K. The data

have a spin glass ground stété”In a spin glass the muons set(excluding thex=0.33 points s fitted to the phenomeno-
would see a very broad distribution of local magnetic f'elds'logical functiot’ »,(x,T=0 K)=»,(x=0T=0 K)X(1
M “ ’

leading to a noncoherent precessfSuch a behavior is not x/x;)", and as best fit we get,=1.02 anch=0.113. Rea-

found in our experiments. We conclude that our samples dgonabcle’ fits can also be obtaiﬁed for vaI.ues .iﬂg

not show spin-glass behavior but cannot rule out the POSS= 1 g see Fig. @). x, can be interpreted as the doping
.08, . @). X

ili I I 0,
bility that therg IS a _small fraction .Of each samplg?q@) level where the magnetic order is lost and a phase transition
that might exhibit spin glass behavior which dominates the[o a metallic state occurs. Our estimatexpfis consistent

magnetic susceptibility, but because of its low volume frac—With the valuex,~1 determined by an NMR study.Note
tion is unobservable imSR. ¢ '

. hat the val in our | heavil mpl r
Figure 3 shows the temperature dependence ¢k, T) that the values ob,, in our less heavily doped samples are

; X . . close to the high frequency precession in the undoped mate-
for several different dopings. A fit of our data to the function rial [Fig. 1(a)]. This implies that theveragelocal field de-

tected by the muon is similar in the doped and the parent

As mentioned above, in all samples coherent precessi

50 - - - - material, a result which was also fouifidn lightly doped
La, ,Sr,CuQ,. However, there is a peak in the frequency in
40 FF 1035 x=0.33. Such behavior is qualitatively consistent with a
~ :03 higher localization of the holes at this concentration alluded
% 30 L X = to in the Introduction. The model presented in Ref. 27 to
g N 102.£ explain the anomalous low-temperature rise in the local mag-
';. 20 o netic field seen by the muon in La,Sr,CuQ,, suggests that
= < the effective size of the magnetic domains determines both
s 10172 the local staggered magnetization and the transition tempera-
10 @ ture Ty, . In particular, both these quantities decrease with
decreasing domain size. Within the context of this model, we
% 50 100 50 200  °° can visualize that in La ,Sr,NiO, samples whera+0.33,
T(K) the holes act similar to “flowing rivers” of charge which

form walls in the Ni-O planes separating undoped antiferro-
FIG. 3. Temperature dependence of muon precession frequefilagnetic(AFM) domains. However, at=0.33, the holes
cies in La_,SKNiO,, s for various x values. The lines are the are more localized and this leads to larger effective domain
fitting functions v, (x,T)=v,,(x,0 K)[ 1= T/Ty(x)1#X. sizes and hence a corresponding increase in the local stag-
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FIG. 4. (a) Low-temperature Larmor frequency vs doping level
X (see text Note the peak ax=0.33. We also display a range of
reasonable fits to the phenomenological functigf(x,T=0 K)
=v,(x=0T=0 K)X(1-x/x)", with (x;=1.02, n=0.113,
(x,=1.05, n=0.138 and (.=1.075, n=0.152. (b) Low-
temperature damping rata, as a function ofx. (c) Low-
temperature damping raig as a function ok.
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FIG. 5. Exponential relaxation rateand spin fluctuation rate
(inseh for the La ¢SKh3dNiO, 019 Sample in zero magnetic field.
The fluctuation rate is calculated in the fast fluctuation lifsiée
Sec. IVB.

ities might arise from the formation of stripe phases; how-
ever, the muon is not sensitive to the details of this local spin
structure, as evidenced by the nearly constanfor x+0.
(No clear correlation is seen between stripe formation at the
“special” doping value ofx=0.33 and\, .) The spin fluc-
tuation rates are significantly less thapB,, since coherent
precession is observed, implying that the correlation time of
the nickel spins is longer than 18 's at low temperatures. In
this context it is interesting to note that in a sample with
x=0.2 (6 not measuredthe magnetic correlation time for
correlated regionéstripes was found by neutron scatteritfg
to be longer than~10"!' s at 2 K and of the order of
~10*?s at 80 K.

The source of the muon relaxation foe- T, was attrib-

. . . 19
gered magnetization. Note that this model also predicts theted earlier tonuclear dipolar fields.” In our present study

existence of a peak ifiy,, an issue that we will return to in
Sec. IVC.

B. Static and dynamic nature of the nickel spins

We now discuss the damping rates of the oscillating
signals as well ay| [see Eqs(4.2) and(4.1), respectively.

we have confirmed this for a number of samples by the ob-
servation that a weak longitudinal field ef10 mT is suffi-
cient to quench the relaxation, i.€,(t) is almost constant.
This was checked in thex=0.25, x=0.33, x=0.40, x
=0.50, andx=1.00 samples. The nuclei responsible for the
relaxation are likely to bé*®a, the most abundant species
with nonzero nuclear spifthe natural abundances al&La

The implications of these results will be discussed in the0.089% and*%.a 99.911%, the nuclear spin 6#La is 7/2.

context of our previousuSR study® of polycrystalline

La, ,SrNiO, as well as to neutron measurements in nick-

elates with lower hole doping levé&l$!! (these show evi-

In this high-temperature range the fluctuation rate of the
nickel moments is much higher than the Larmor frequency of
the muon; hence, the muon polarization does not réfac-

dence for stripe spin and hole order, a phase which is quittonally narrowed limij.

different from the Nel state of the parent materijl The
observation thak , >\ for all x, as shown in Figs. #®) and

4(c), indicates that the relaxation of the oscillations is domi-

nated by thestatic distribution of the neighboring Ni spins.
Nevertheless, somdynamicbroadening, i.e., fluctuations of
the Ni spins, is undoubtedly present singeis nonzero.

The large values ok | indicate that there is a significant

In the fast fluctuation limit in zero applied field the expo-
nential relaxation rate above the magnetic transition is given
by?*% N =2y2B}, 7. Here 7 is the correlation time of the
internal field andB, s is the rms internal magnetic field at the
muon site, assumed to be of the order of the average mag-
netic field sensed by the muons at the lowest temperatures.
We estimatedh from a short-time exponential fit t&,(t).

inhomogeneity in the local spin structure around the muonThis fit is valid since the Gaussian relaxati¢gee above

This broadening ranges from, (x,T—0 K)/[27v, (X, T
—0 K)]=1.8 % in the x=0.00, 6=0.009 sample to
~28.2% in thex=1.00, 6=0.00 sample. Such inhomogene-

will be dominant only on a longer time scafeA represen-
tative plot of the temperature dependence obtained from the

relaxation rates, is displayed in Fig. 5.is too small to be
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lattice distortiod” while quite different structural conse-

quences result from Sr substitutidhBoth these structural

200 e (a) T (b) effects are likely to have significant, but dissimilar, effects

200 | “roof  ttew,, F ot - * on the magnetic properties even when the nominal hole con-
: b TU M centration is identical.

1.0 005 010 Based on neutron scattering experiments, it has been
suggestetf that spin stripe ordering is driven by charge or-
dering. Thex=0.33 doping has attracted much attention be-
cause it demonstrates pronounced charge ordéah@39
K).131"We believe that the loss of hole mobility is respon-
sible for the pronounced increaseTiy, (Fig. 6) at this dop-
ing level. In view of our earlier discussiofSec. IV A) re-
garding the effects of the magnetic domain size 1gjfx,
oL . . . . T=0 K), a peak inT), is also expected and indeed observed

0.0 0.25 0.5 0.75 1.0 at this special concentration. Far=0.5, anomalies in bulk
X properties, e.g., resistivit/, have previously been observed
at higher temperatures—<340 K), but the features were
much broader and weaker than thosexXsr0.33. We find no
evidence of another peak i, at this hole doping level.

4 La2SrNiOgysfe LaoNiO448

200}

Tw (K)

1001

FIG. 6. Phase diagram for La,SrNiO,, s. Multiple entries
for the samex value are associated with differeat values (see
Table ). The solid line is a guide to the eye. Inge} shows the
same data set, plotted as a functionpef x+268. Clearly p is not
the appropriate parameter for the characterization of the magnetic D. Muon site

transition temperature. Insét) shows the dependence of the mag- In agreement with Ref. 32 we find two distinct values of

netic transition temperature on the oxygen doping iBNi@,, s . . . .
(taken from references cited in the tgxA similar sensitivity of the Vy N OUr x=0.00 sample, which can be attributed to two

transition temperature to oxygen doping is not apparent in the strorA'yon sites. There is no indication of a seconq muon S|te.f0r
tium doped compounds that we have studisee Sec. IV G any of t_he S_r doped sqmples. In order to arrive at p_055|ble
muon sites in La_,SrNiO,, 5, we have performed dipole

field calculations, analogous to those described

elsewheré®*® The local magnetic field,(r,) sensed by

Iﬁ{he muon is given by the sum of the dipolar fidg,(r ),

due to Ni moments and the hyperfine fiedg(r,), due to

any nonzero electron spin density at the muon site. Although

we lack knowledge of the hyperfine coupling constant it is

assumed to be small, as in the cisef La,CuQ, and other

_ _ N magnetic oxides. With this assumption the magnetic field at
C. Phase diagram of the magnetic transition the muon site can be calculated as a sum of dipolar contri-

We now discuss the dependenceTgf on the strontium butions

doping concentration. The measurements are summarized in

Fig. 6. The differentTy, values for a giverx are associated 3NN —

with different values ofs, e.g., the three values dfy rep- Bur)=2> ——————, (4.3

resented forx=0.40 correspond ta5=0.08, §=0.06, and [ |r,u_ri|3

6=0.008. The transition temperatures for a particdare,

however, very close to each other even thodgh different ~ wherer, is the position of the muong; is the effective

in each casdsee Table)l Contrast this behavior with the magnetic moment of thé&h nickel ion, andn; is the unit

x=0 material[see insetb) in Fig. 6, data taken from Refs. vector from the muon to the nickel ion at site The mag-

7,16,35-37, where a drastic initial drop in the magnetic netic momenty; of La,NiO, has been measured by neutron

transition temperature is seen with increasthVe find that  diffraction3*3° The values obtained in the two studies were

Ty first drops with increasing, reaches a minimum at 0.75 and 0.8Gg, respectively. In our calculations we as-

x~0.15, and then rises again to a maximum~a205 K for ~ sumed the mean of those values, ilgy|=0.80ug. From

x=0.33. For largex the transition temperature again drops, Ref. 35 we have taken the lattice parametaeglecting the

falling to a value of about 45 K at our highest doping levelssmall differences in the two lattice constatandb) of a

(Fig. 6). =b=3.87 A,c=12.63 A and the spin structure as shown in

In Ref. 19 we speculated that=x+28 might be the Fig. 7(a). The sum in Eq(4.3) was evaluated numerically by

relevant parameter for controlling the magnetic transitiontaking into account nickel spins within a radius ofalabout

temperature, following a suggestion based on neutrom,.

measurementSOur current study, making use of many more  In the Ni-O plane the field distribution is rather flat in the

samples, demonstrates that this appears to be incorrect foenter of the plane but changes rapidly near the nickel sites

La,_,SrNiO,, s wherex#0 (see Table)l This is particu- (where the field divergesand the oxygen site&vhere the

larly obvious from inseta) in Fig. 6 where there are a num- field is zerg; see Fig. Tb). As one would expect, outside this

ber of very differentT,, values for a particular value qf.  plane the field is much smaller, and becomes smallest in the

The interstitial accommodation of oxygen requires a locakz/c=1/4 plane(where the maximum value i8|=41 mT).

measurable at 300 K so that usihg<0.01 us ! we esti-
mate that the correlation time of the Ni spins is smaller thal
10713 s (shorter than previously reported. We also note
that the muon is not diffusing very rapidly on a microsecond
time scale since a coherent precession is observed3fy in
stoichiometric LaNiO, up to 335 K.
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FIG. 7. (a) Structure(Ref. 39 of La,NiO,. The nickel moments, symbolized by arrows, point along(th&0) directions. The lattice
parametergRef. 39 area=b=3.87 A, ¢=12.63 A. (b) Contour plot of the dipole field in the/c=0 plane. The nickel moments are
symbolized by arrows at the corners of the square. The shaded region corresponds to the computed muon positions. The magnetic field is
given in mT.

We selected sites which are within 15% of 260 mT; thisThis enabled us to probe the temperature dependence of the
field value corresponds to the high precession frequency olshort-range order parameter in the samples and make esti-
served in our nearly stochiometric samplg=0.0, § mates of the correlation times below and above the transition
=0.009. The 15% tolerance reflects the uncertainty in théemperature. We have extended the information on magnetic
magnetic moment from the neutron measurements. We finttansition temperatures to doping values other than those pre-
that the muon distance to the Ni-O plane should be smalleviously reported, and conclude that, in contrast to previous
than 1.3 A. Restrictions can be imposed because crystallspeculation;*°the appropriate parameter for controlling the
graphically equivalent sites in the unit cell do not experiencanagnetic transition temperature for nonzerés not p=x
the same magnetic fieldhe field symmetry is reduced due +246, but x itself. In light of the coherent precessions ob-
to the spin structude i.e., in general|B(x,y,z)|#|B(x,b  tained in the experiments, the previous speculdtiéhthat
—v,2)|. Assuming that the field distribution is less than 5%the ground state for these materials at higher strontium dop-
of the mean valuégiven in Sec. IV B, the two possible sites ing levels is a spin glass needs further exploration. We find
in the Ni-O plane ard€l) x/a=0.4,y/b=0 (and equivalent evidence for an enhancementlify and the zero temperature
siteg and (2) those regions in Fig. (B) which are shaded. staggered magnetization associated with dopingxats
For case(1) the distance to the oxygefat x/a=0.5, y/b  which may be connected with enhanced hole ordering.
=0) would be rather small compared to typical O-H bonding
lengths of 1 A. We conclude that within the magnetic dipole
approximation, positior{2) is the most likely muon site in
the Ni-O plane. An analogous treatment for the second lower We would like to thank S.P. Cottrell at ISIS and U. Zim-
precession frequency in LdiO, leads to a range of possible mermann and A. Amato at PSI for valuable experimental
second muon sites, some of which are consistent with thassistance. We would also like to thank S.F.J. Cox and M.
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