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Microscopically homogeneous magnetic structure of La12xSrxMnO3 beyond the range
of 0<x<0.1 observed by La NMR
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A 139La NMR study was carried out on melt-grown samples of La12xSrxMnO3 (0<x<0.15). The micro-
scopic magnetic structure of the parent LaMnO3 was identified as a homogeneous antiferromagnet at low
temperatures. Substituted compounds withx>0.1 demonstrate the homogeneous ferromagnetic phase. Only a
lightly doped sample withx50.05 shows the coexistence of NMR lines from ferromagnetic and antiferromag-
netic phases.@S0163-1829~99!15901-0#
ga
ric

ll

i-

-
e

tio

t
e
d
fo
ns
s

s-
a
s

e

-

th
i
t
m
e
b

d

ra-
nce

l
was
l
x-
an

s a
nd
the
f
-
nly

de-
ll
om-
i-

als
ion

ld

-
ent,
pre-
ted
ing
ori-

for
The lanthanum manganite LaMnO3 is an antiferromag-
netically correlated insulator~Mott insulator! at all tempera-
tures. It is a parent material for a wide range of the man
nites families which are so popular now. Stoichiomet
LaMnO3 below the Ne´el temperatureTN'140 K exhibits a
layerlike antiferromagnetic order; i.e., the ferromagnetica
coupled spins withinac planes~space groupPnma! are anti-
ferromagnetically coupled alongb.1 The low-temperature
magnetic structure for real LaMnO3 samples has been var
ously reported as spin-canted antiferromagnetic~AFM!, fer-
romagnetic~FM!, or a domain mixture of the two. This dis
crepancy is a result of the strong dependence of magn
properties on the very small variations of the La/Mn ra
and of the oxygen content.

Upon substitution of Sr21 for La31, holes are induced a
the Fermi level. As a result, the Mn spins first tilt until th
system becomes a FM metal at high doping. The most
tailed electronic and magnetic phase diagram
La12xSrxMnO3 based on macroscopic magnetic and tra
port measurements was published in Ref. 2. It show
canted AFM insulator forx,0.1, FM insulator for 0.1<x
,0.17, and FM metal atx>0.2. The colossal magnetoresi
tance is typical for the latter part of the diagram which h
attracted the main experimental~see Ref. 3, and reference
therein! and theoretical4 interest. The low doping part of th
phase diagram received much less attention.

As to the microscopic magnetic structure~especially in
the insulating part of the diagram! there has been no com
plete agreement until now. Recent neutron5 and NMR~Refs.
6 and 7! studies came to very different conclusions about
doping range for coexistence of AFM and FM phases
manganites. It should be noted that the question about
real microscopic magnetic structure of this materials see
to be of principal importance in a long discussion betwe
two theoretical models. One of the models was proposed
de Gennes8 and predicts for undoped and lightly dope
PRB 590163-1829/99/59~1!/97~3!/$15.00
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LaMnO3 a homogeneous canted AFM phase at low tempe
tures. This canted structure allows us to explain the prese
of FM peaks in neutron experiments.1 The alternative mode
is based on the coexistence of FM and AFM phases and
proposed by Wollan and Koehler.1 Recently the latter mode
was developed by Nagaev9 who considered this phase coe
istence as intrinsic feature of the material with its origin to
electronic phase separation similar to high-Tc
superconductors.10

NMR of 139La with its reasonable gyromagnetic ratio (g
56.0146 MHz/T), moderate quadrupole moment (Q50.22
310224 cm22) and 99.9% natural abundance represent
nice local tool sensitive to both microscopic magnetic a
quadrupolar interactions in the material. Keeping in mind
very high quality of the melt-grown crystals o
La12xSrxMnO3 prepared recently,2 we have undertaken a de
tailed 139La NMR study of these samples, addressing mai
their microscopic magnetic structure at low substitutions.

Crystals of La12xSrxMnO3 ~x50, 0.05, 0.10, 0.15! were
melt grown by a floating zone technique as described in
tail in Ref. 2. A powder x-ray diffraction pattern showed a
the samples were single phase. Analyses of chemical c
position were carried out using an electron probe m
croanalyser, redox titration, and thermogravimetry. Cryst
were also characterized by resistivity and magnetizat
measurements as described in Ref. 2.

139La NMR spectra were measured both in zero fie
~point by point frequency sweep, 5–30 MHz! and in a field-
sweep mode~0–8.5 T! at fixed frequencies with a phase
coherent spin-echo spectrometer. For the NMR experim
crystals were powdered and two types of samples were
pared. The first one was just a powder which was orien
along the easy direction in an external magnetic field dur
the NMR experiment. The second sample was randomly
ented and fixed in paraffin.

139La NMR at zero external fieldH0 was measured for
randomly oriented powders at 4.2 K. The spectrum
97 ©1999 The American Physical Society
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x50 sample is shown in Fig. 1. It consists of many pea
and the thin vertical lines show the calculated positions
various transitions with the following set of paramete
quadrupole frequencyvQ53.8 MHz, asymmetry paramete
h50.92, internal fieldH int53.5 kOe alongb. The low value
of H int @compared with 30 kOe, observed in of
stoichiometric LaMnO31d ~Ref. 11!# implies an AFM state at
low temperature. The estimated dipolar contribution toH int
is rather small~0.7 kOe! as a result of cancellation in a site o
nearly cubic symmetry. A large value ofh50.92 for a very
symmetric La surrounding is rather surprising and proba
means that the main part of the internal field is a result o
transferred hyperfine interaction. The details of electric fi
gradient analyses as well as zero field La NMR results
samples with 0,x<0.4 will be published elsewhere.

Figure 2 shows field-sweep139La NMR spectra of an ori-
ented (biH0) x50 sample for several frequenciesvR . For
I 5 7

2 and H0@H int , vQ seven transition are expected a
thin vertical lines indicate their calculated positions with t
same parameters as obtained from the zero field spect
The spectra for samples withx.0 shown in Fig. 3 differ
drastically from that for undoped LaMnO3. Even very light
doping, x50.05, NMR spectrum broadens and shifts
smaller fields. The component of the AFM line is still o

FIG. 1. Zero field La-NMR spectrum of randomly oriente
LaMnO3 sample at 4.2 K. Thin vertical lines show the calculat
transitions with parameters given in the text.
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servable for this sample but disappears completely at hig
dopings. The shift of the FM component to lower fields wi
increasing doping is in a good agreement with theH int(x)
dependence measured at zero field La NMR in the sa
samples.12

The spectra obtained demonstrate the homogeneous
croscopic magnetic states—AFM in LaMnO3 and FM in
La12xSrxMnO3 (x>0.1). It is most evident in Fig. 3 where
we show the field-sweep NMR spectra in the wide fie
range. It’s seen that even traces of alternative NMR lin
~FM for x50 and AFM for x>0.1! are not observable. I
should be noted that for the single phase spectra~x50, 0.1,
0.15! we used specially experimental parameters favora
for the alternative line~FM for x50 and AFM for x50.1,
0.15!. This means that the admixture of the alternative ph
is beyond the sensitivity of our experiment. We estimate
upper limit for the AFM component in FMx50.1, 0.15
samples as about 2%. Thex50.05 sample was the only on
where a coexistence of two NMR lines was observed and
spectrum in Fig. 3 reflects the real relative intensity of the
lines ~about 25% of AFM component!.

From recent neutron data on melt-grown samples
La12xSrxMnO3 ~x50.04, 0.125, 0.17! ~Ref. 5! the low-
temperature magnetic structures for these compounds a
follows. The material withx50.04 is a canted AFM with a
small admixture of FM phase. By contrast, thex50.125
sample exhibits a large FM moment with small admixture
an AFM component. The sample with higher dopingx
50.17) shows only an FM component. Our NMR results
the substituted compounds are in qualitative agreement
those neutron data. We also observed a coexistence of A
and FM states, but ourx50.05 sample is mainly FM~about
75% of FM components! and forx50.1 we found no traces
of AFM components. Keeping in mind that the samples us
in Ref. 5 were not completely identical to ours this sm
quantitative discrepancy looks quite acceptable.

Recently the results of a La-NMR study in ceram
samples of La manganites~including the parent LaMnO3!
were published.6,7 As for undoped LaMnO3 those data differ
completely from ours. In all the samples~including nomi-
nally undoped LaMnO3! a very broad La-NMR line~about
10 MHz! without clear structure was detected belowTN .
The authors interpreted their results as evidence of intri
the
FIG. 2. Field-sweep La-NMR spectra of oriented (biH0) LaMnO3 sample at various frequences at 4.2 K. Thin vertical lines show
calculated transitions with the same parameters as in Fig. 1.
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cally inhomogeneous magnetic order on a microscopic s
in the entire range 0<x,0.25 ~which develops at low tem
perature into the intimate mixture of FM and AFM correlat
domains! and as an indication for the presence of magne
polarons.

Our data do not confirm this conclusion demonstrating
existence of pure AFM (LaMnO3) as well as pure FM (x
>0.1) samples. We suppose that the experimental res
and the main physical conclusion of Refs. 6 and 7 are
evant rather to certain ceramic samples than to the mat
itself. The ferromagnetic transition at 115 K found in the
nominally undoped LaMnO3 sample disagrees evidently wit

FIG. 3. Field-sweep La-NMR spectra of oriented (biH0)
La12xSrxMnO3 samples at 48.2 MHz~T55 K for x50 and 20 K
for others!.
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the published magnetic diagrams of this material.2,13,14 It
should be also noticed that the low-temperature La-NM
spectrum of nominally undoped LaMnO3 ceramic sample
~see Fig. 9 in Ref. 6! being converted in a field domain i
rather similar to our spectrum for La0.95Sr0.05MnO3 which
has 7~2!% of Mn41 ions due to redox titration.2 These dis-
agreements support our suspicions about oxygen and/or
ion off stoichiometry of the samples used in Refs. 6 and
This is quite possible since the ceramic samples suffer fr
the presence of grain boundaries where the modification
the microscopic magnetic structure likely take place. In fa
the resistive and magnetotransport properties of our crys
differ considerably from those of ceramic samples, as sho
in Ref. 2.

Following Ref. 5 we would like to emphasize the ve
sharp changeover of the AFM and FM components despi
linear variation of the hole density. Due to our NMR da
this changeover looks probably even more sharp with
central point close tox50.05. To our mind it would be in-
teresting to study in detail the macroscopic and/or mic
scopic magnetic structure of the high quality La12xSrxMnO3
crystals in a range of substitution 0,x,0.1 to shed light on
a more complicated phase diagram that believed earlier.

In conclusion, we have shown from139La-NMR data that
the magnetic structure of La12xSrxMnO3 compounds mea-
sured on high quality melt-grown crystals is microscopica
homogeneous beyond the range of 0,x,0.1. The parent
LaMnO3 has an AFM structure, the Sr-substituted co
pounds are FM, the admixture of alternative phase be
negligible. The very sharp changeover of the AFM and F
components was observed aroundx50.05.
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