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139La NMR investigation of spin ordering in La 0.5Ca0.5MnO3
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139La NMR in a zero external magnetic field has been used as a probe in order to study the Mn spin ordering
of La0.5Ca0.5MnO3. ForT,Tc two different spin configurations are detected, assigned to a ferromagnetic and
an antiferromagnetic one, which persist down to the lowest measured temperatureT590 K. Close toTc
strong coherent spin fluctuations are detected that presumably drive the paramagnetic-to-ferromagnetic phase
transition. Complementary magnetic and Mn41 electron paramagnetic resonance measurements are in agree-
ment with the NMR results.@S0163-1829~97!04221-5#
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I. INTRODUCTION

Doped members of the LaMnO3 family with the
general formula A12xBxMnO3 (A5La31,Pr31,B5Ca21,
Sr21,Ba21) attain currently a lot of theoretical and expe
mental interest, due to the close relation between magn
and transport properties. For doping concentration 0.2<x
<0.5 these materials exhibit a paramagnetic~PM! to ferro-
magnetic~FM! phase transition associated with a sharp d
of resistivity. The transport properties can be controlled
an external magnetic field, thus resulting in the appeara
of a large negative magnetoresistance with a maximum
temperatures close to the transition temperatureTc . For x
.0.5 the low-temperature phase is insulating and antife
magnetic ~AFM!, whereas in a narrow range aroundx
50.5, by decreasing temperature, the phase transition r
is PM→FM→AFM.1 Investigations on Pr0.5Sr0.5MnO3 ~Ref.
2! and La0.5Ca0.5MnO3 ~Refs. 3 and 4! have shown that in
this concentration range, charge ordering~CO! effects, i.e.,
the regular arrangement of Mn31:Mn41 in 1:1 ratio, plays an
important role in the electronic and magnetic properties.

Conventionally, such a PM-FM phase transition is e
plained by the double exchange~DE! interaction model,5 ac-
cording to which the motion ofeg electrons mediates a FM
interaction among localizedt2g spins, due to Hunds’s rule
coupling. However, as Millis, Littlewood, and Shraima
pointed out6 the predictions of the DE model do not fit prop
erly with many aspects of the experimental data, especi
with the temperature dependence of the resistivity. Instea
this, they proposed a generalized model which inclu
electron-lattice coupling in order to explain the appeara
of the colossal magnetoresistance. Besides, the relation
tween the DE interaction and the incommensurate CO su
structure, observed in the FM phase of La0.5Ca0.5MnO3,

4 is
at present unclear. According to electron-diffracti
experiments4 for TN,T,Tc the wave vector of the charg
modulation can be written asq5(2p/a)( 122d,0,0), whereas
550163-1829/97/55~22!/15000~5!/$10.00
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d→0 for T→TN . These results are well correlated with sy
chroton x-ray experiments,7 which show an unusual pea
broadening starting atTc and terminating atTN .

CO is widely accepted to be connected with the comp
cated spin lattice. Neutron diffraction experiments8 and the-
oretical predictions9 performed on thex50.5 system show
that the low-temperature AFM spin structure, known as
structure, consists of stacked Mn spin cells of theC andE
type, with alternatively parallel and antiparallel spins on su
cessive~100! planes. However, the neutron diffraction da
are not uniquely verified by this complex configuration, a
perhaps more detailed experiments are necessary in ord
predict precisely the spin structure.

In order to gain more understanding on the relevan
between charge and magnetic ordering, we perform
139La NMR measurements in a zero external magne
field complemented by electron paramagnetic resona
~EPR! and magnetic measurements on polycrystall
La0.5Ca0.5MnO3.

II. EXPERIMENTAL AND SAMPLE
CHARACTERIZATION

A sample with nominal composition La0.5Ca0.5MnO3 was
prepared by thoroughly mixing high-purity stoichiometr
amounts of La2O3, CaCO3, and MnO2. The mixed powder
was pelletized and annealed in air at 1300 °C for 4 days w
intermediate grinding and reformation into pellets each tim
Finally the sample was slowly cooled to room temperat
by turning off the furnace.

X-ray powder diffraction~XRD! data were collected with
D500 SIEMENS diffractometer, using CuKa radiation and
a graphite crystal monochromator, from 4° to 120° in ste
of 0.03° in 2u. The power conditions were set at 40 kV/3
mA. The aperture slit as well as the soller slit were set at
Rietveld lattice parameters were determined to bea
55.410 Å,b57.621 Å, andc55.417 Å, in closed agree
ment with published data. Magnetization (M ) data were re-
corded using a commercial superconducting quantum in
15 000 © 1997 The American Physical Society
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ference device magnetometer atB51000 G.
The NMR spectra were obtained on a Bruker 200 M

spectrometer equipped with an Oxford cryostat, by usin
spin-echo technique with pulse widthstp15tp250.6 msec
and at very-low rf power levels (B1,8 G), due to the very
strong rf enhancement factor which is characteristic for m
netic materials.10,11 The EPR measurements were perform
on a Bruker ER 200D-SRC spectrometer with an Oxfo
ESR 9 cryostat, at modulation amplitude 25 G, microwa
power 33 mW, and microwave frequency 9.4 GHz.

III. EXPERIMENTAL RESULTS

Figure 1 showsM versusT curves both upon cooling an
warming. By decreasing temperature the system undergo
PM-FM transition atTc5235 K defined as the inflection
point of the magnetization curve.M is observed to saturate a
T'210 K, while it starts dropping atTN'175 K to a non-
fully-AFM state falling finally to the 60% of the saturatio
value. This second transition temperature varies;30 K be-
tween cooling and warming, exhibiting a large hystere
loop. Similar results have been previously obtained by ot
workers.1,7 A careful comparison of Fig. 1 with their result
indicates that most probably the dopant concentration in
examined samples lies between 0.48<x<0.50.

Figure 2 demonstrates139La NMR spectra at characteris
tic temperatures in both the FM and AFM phases. Due to
strong hysteresis effects, all measurements were perfor
upon cooling. In most temperatures, the signals are do
peaked, and more than 5 MHz broad, so that only the cen
2 1

2→1
2 transition is observed (139La has a nuclear spinI

5 7
2).
The origin of the139La NMR signal is not quite clear. In

a recent work on other LaMnO3 based materials,12 it has
been attributed to a transferred hyperfine interaction via
conductingeg electrons. In our opinion, this is not possibl
as the corresponding molecular orbitals which ares-bonded
with O are not directed to the La sites. Furthermore, it h
been considered12 that the hyperfine field is zero in the AFM
phase. This consideration is also not valid as indicated by
experiments.

The appearance of a relatively strong local magnetic fi
at the position of the non magnetic La ion can be descri
by the nuclear Hamiltonian,

FIG. 1. Magnetization vs temperature for La0.5Ca0.5MnO3. Ar-
rows indicate cooling and heating of the sample.
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r i
3 , ~1!

where the first term concerns the hyperfine interaction
tween the139La nuclear spinI and the Mnt2g electron spin
S, and the second term the dipolar interaction ofI with all
the Mn neighbors. The hyperfine interaction probably ari
indirectly from p type overlapping between the M
t2g u3dxy&, u3dyz&, u3dzx& and the ligand u2pp& wave
functions. Similar overlaps of Hartree-Fock Mn21 u3dzx& or-
bitals with the u2px& Slater function of theF2 ions in
KMnF3 with almost the same lattice spacing have been c
culated in Ref. 13. Since spin-up and spin-down ligand sta
have different overlapping integrals with the Mn 3d states,
i.e., ^2pp↑u3di j↑&Þ0 whereas ^2pp↓u3di j↑&50, the s
bonding of the oxygen with theusp3& hybrid states of the
La31 ion9 will be preferentially produced by the electron th
tries to keep apart from theu3di j & Mn orbitals. A Fermi
contact spin polarization14 is thus produced at the position o
the La nucleus with a hyperfine fieldBN'35 kG as shown
below. The dipolar term in Eq.~1! has a smaller contribution
to the local field of the order of a few kG, which however
crucial in the determination of the experimental results.

Returning to Fig. 2, it is observed that belowTc , a single
broad line appears, which becomes stronger by decrea
temperature down toT5180 K where it starts to decreas
At T'200 K a second higher-frequency signal appe
which on cooling appears to increase slightly. It is furth
observed that at low temperatures the frequency peaks o
two lines get closer to each other. This behavior becom
more apparent in Figs. 3~a! and 3~b! which demonstrate the
local field Bl5uBN1Bdu5vL /g and the signal intensityI
versusT for both lines, as obtained by the spectral areas o

FIG. 2. 139La NMR spectra in a zero external magnetic field
characteristic temperatures.
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two-Gaussian line-shape fit. The signal intensities have b
corrected by the Boltzmann factor in order to get the corr
temperature dependence ofI .

A comparison of Figs. 1 and 3~b! shows a remarkable
similarity between theM versusT curve and theI versus
T curve which corresponds to the lowBl field component, in
the FM phase. This suggests that the La nuclei with
lower Bl field are located at the center of ferromagnetica
ordered Mn spin octants, contrary to the expectation that
ordering should create the strongestBl field at the position of
the La sites. Besides, the difference between the two lo
fields lies in the rangeDBl'4–6 kG, which is of the order
of the dipolar contribution to the local field.12 These facts are
nicely explained if we assume that the La ions which se
the higherBl field are placed at the center of antiferroma
netically ordered spin octants while at the same time,~i!
BN(AFM)'BN(FM), and~ii ! in the FM octantsBd(FM) is
antiparallel toBN(FM), thus leading to relatively lowe
Bl (FM) values than in the AFM octants whereBd(AFM)
'0. The slightly different temperature variation o
Bl (FM) with respect toBl (AFM)—shown in the inset of
Fig. 3—can be interpreted as a small decrease of the dip
contribution due to the partial transformation of the sp
alignment from FM to AFM ordering. This description
consistent with synchrotron XRD data in La0.5Ca0.5MnO3
~Ref. 7! and neutron diffraction data in Pr0.5Sr0.5MnO3.

15

Furthermore, the two different spin alignments forT,TN
are in agreement with the double spin-cell CE structure8,9

However, the spin cell which is responsible f
Bl (FM)—probably theE type spin cell18—has a nonvanish
ing Bd contribution at the La sites, i.e., it is partially ferro
magnetically ordered~PFO!.

It is worth it to notice that due to the cubic symmetry o
should expect a vanishing smallBN(AFM). The observed
strong AFM signals point out that the hyperfine field is n
symmetrically transferred from the Mn octant. This mig
result from theusp3& hybrid La orbitals9 which stablilize the
O-La bonding by breaking the cubic symmetry, or the Ja
Teller distortion of the oxygen octahedra.

FIG. 3. ~a! The local magnetic field at the La siteBl5vL /g as
a function of temperature. The lower curve~open circles! corre-
sponds to ferromagnetically ordered Mn octants, whereas the hi
curve ~filled circles! corresponds to antifferomagnetically order
Mn octants. The inset presents the differenceDBl5Bl(AFM)
2Bl(FM). ~b! The 139La NMR signal intensityI , corrected by the
Boltzmann factor, as a function of temperature. The signal inte
ties are obtained from the spectral areas of two-Gaussian line-s
fits. The filled circles correspond to the AFM signal, whereas
open circle corresponds to the FM signal.
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An interesting feature in Fig. 3~a! is that bothBl (T)
curves do not tend to zero forT→Tc but retain high
Bl (Tc) values, about 80% of the corresponding maximu
values. A similar result has been reported in Ref. 12
closely related compounds. This effect, in conjunction w
the rapid decrease of the FM signal intensity forT→Tc ,
indicates that in the temperature region 180<T<Tc a para-
magneticlike component appears, where a frozen spin al
ment is no more energetically favored. The presence of a
component is directly confirmed byX-band Mn41 EPR mea-
surements~Fig. 4!, according to which the high-temperatu
PM signal penetrates deeply into the FM phase. ForT.Tc
the EPR PM signal rapidly increases down toTc , where it
starts decreasing until it disappears atT'160 K. The ap-
pearance of a second broad signal forT,220 K can be
attributed to the FM phase. It looks as if ordered groups
spins start to fluctuate coherently, while atTc the spin-
fluctuating regions cover the whole FM phase. The prese
of a PM component forT,Tc has been also observed
La0.67Ca0.33MnO3 with neutron scattering techniques,16

and in La0.75Ca0.25Mn0.98Fe0.02O3, as well as in
La0.67Ca0.33Mn0.99Fe0.01O3 by using Mössbauer
spectroscopy.17 Furthermore, both techniques have show
that by increasing temperature towardsTc , the fraction of
the PM phase increases in a similar fashion with the E
results.

The assumption for the existence of a PFO spin cell
T,TN is further supported by NMR signal amplitudeAS
versus the rf fieldB1 measurements performed at differe
spectral frequencies and at various temperatures, in both
FM and the AFM phases@Figs. 5~a! and 5~b!#. The intense
NMR signals observed at very low rf power levels are due
the strong enhancement factorn which originates from the
oscillations of the local electronic moments at the rf fr
quency. In this way, the actual rf field is not the weak a
plied fieldB1 but a stronger one produced by the oscillati
electron magnetic moments. AtT5180 K, AS for both the
strong FM and the small AFM signals follows the sam
asymmetric bell-shaped curve given by the relation11

er

i-
pe
e

FIG. 4. Mn41 X-band EPR spectra at various temperatu
above and belowTc'235 K.
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AS}n sin~ngB1t!sin2S ngB1t

2 D , ~2!

which attains a maximum atngB1t52p/3.19 Using this for-
mula and the fact that the maximum appears atB1'3 G a
large enhancement factorn;33102 is obtained. Usually,
such high-n values characterize NMR signals arising fro
magnetic domain walls.10 For T,TN the maximum is
slightly shifted atB1'2 G, while a second maximum ap
pears corresponding to an even stronger enhancement f
n'23103. In order to discriminate the origin of the tw
differentn contributions, a two-Gaussian line-shape analy
has been performed atT590 K for rf fieldsB1'0.5 and 2
G ~Fig. 6!. For B1'0.5 G the AFM signal contribution is
considerably higher than forB1'2 G. It is thus clear that
the strongn component can be attributed to the highe
frequency AFM signal, whereas the lowern component can

FIG. 5. The signal amplitudeAS vs the rf fieldB1 at two differ-
ent spectral frequencies,~a! at 18 MHz corresponding to the FM
line, for T5180 K.TN ~open circles! andT5100 K,TN ~filled
circles!; ~b! at 21 MHz corresponding to the AFM line, forT
5180 K.TN ~open circles! and T5100 K,TN ~filled circles!.
Dashed lines are guide to the eye.

FIG. 6. 139La NMR spectra atT590 K, for B150.5 and 2 G.
In each case the solid lines are fits resulting from the sum of
two-Gaussian dashed lines.
tor

is

-

be attributed to the low-frequency FM signal. Furthermo
for B1'0.5 G the obtained signal-intensity rati
I (FM)/I (AFM)'1 as expected for a double-cell spin co
figuration.

A third evidence about the presence of PFO forT,TN is
obtained by using spin-spin relaxation-timeT2 measure-
ments. Figure 7~a! shows the spin-echo decays~SED! at
spectral frequency 21 MHz,T590 K, and rf levelsB1
50.5 and 2 G. It is observed that the low-rf SED is decay
with a double exponential with relaxation times,T2,A
580 msec, andT2,B5650 msec, whereas the high-rf SED
is single exponential withT2'T2,B . Figure 7~b! compares
the SED at 90 K, spectral frequency 21 MHz, andB1
52 G with the FM SED at 180 K, spectral frequency 1
MHz, and B153 G. It is found thatT2(180 K)'T2,B
'650 msec. These results, in conjunction with the analy
of Fig. 6 indicate that antiferromagnetically coupled spi
relax with the shortT2,A , while ferromagnetically coupled
spins relax with the longT2,B .

Considering that the spin-spin relaxation originates fro
indirect Suhl-Nakamura interactions20 between couples o
nuclear spins we getT2}(J/A

2), where J is an effective
Mn-Mn exchange-coupling constant. SinceA mainly de-
pends on atomic properties and the lattice cell geometry,
similar T2 values of the low-frequency FM NMR lines in
both the FM and AFM phases indicate similar exchan
coupling constants, i.e., that the low-field spin cell is PF
even forT,TN . If we consider that DE overrules couplin
into the FM regions while superexchange~SE! into the AFM
ones, the lowerT2A values indicate that DE coupling is, a
expected, sufficiently stronger than the AFM superexcha
coupling.

IV. DISCUSSION

We anticipate that the above experimental results are
dence that the low-temperature double-cell spin configu
tion consists of PFO and AFM cells, where DE and S
dominate, respectively. The gradual shift ofBl (FM) to
Bl (PFO), when related to the electron microscopy resul4

indicates not only the subsequent transformation of the
romagnetically ordered Mn spin octants to PFO, but also t
e

FIG. 7. ~a! Spin-echo decays atT590 K and frequency 21
MHz ~AFM line!. The double exponentially decaying curve~filled
circles! corresponds toB150.5 G whereas the single exponenti
curve ~open circles! corresponds toB152 G. ~b! Comparison of
spin-echo decays for~i! B152 G, T590 K, frequency 21 MHz
~open circles! and ~ii ! B153 G, T5180 K, frequency 18 MHz
~filled circles!.
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the DE interactions become more localized.
The possibility of a structure with alternating stacked F

and AFM spin cells has been theoretically predicted ma
years ago.21 In the nearest-neighbor approximation, t
Hamiltonian which describes these La based perovskites
related structures, includest2g-eg spin-exchange, vacanc
hopping, andt2g-t2g spin-exchange terms,

H52JH( ~Ss!abcib* cib1t( cia* cja2J( SiSj ,

~3!

where cia* ,cia , are creation and annihilation operators f
the ‘‘conduction’’ eg electrons,i ,a are their coordinate and
spin projection, andSi is the spin operator of thet2g elec-
trons. The second term in Eq.~3! transfers theeg electron to
the next Mn41 site while conserving its spin projection, so
the spinsSi , andSi61 are antiparallel, the electron transf
should increase the energy by an amountuJHuS. In the case
of parallelSi andSi61 spins, the energy will be decreased
the same amount, thus establishing DE.

Considering a continuum approximation of Hamiltoni
~3!, where spatial-charge fluctuations are taken into con
eration, Kashin and Nagaev21 have shown that for a conduc
tion bandwidthW52zt@uJHuS and carrier concentrationx
>xF54uJu/uJHu per unit cell volume, the ground state o
Hamiltonian ~3! consists of alternating regions with in
creased~FM! and decreased~AFM! electron densities. It is
interesting to notice that if we consider thatuJu/uJHu
5T2,A /T2,B'1/8, we getxF'0.5 in agreement with the ex
ys

.
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E
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periments which show that charge ordering appears only
x>0.5. This might be a coincidence because the mode
oversimplified with respect to the real system, but we think
deserves a more careful examination. The incommensu
CO superstructure, observed with electron microscopy, co
be thus explained as stemming from an ordered FM-AF
domain lattice, which at low temperature transforms to
observed two-cell stacked spin structure. This behav
closely resembles the insulating AFM phase of the copp
oxide-based high-Tc superconductors. Schulz applied th
Hartree-Fock theory on a two-dimensional Hubbard mode22

in the vicinity of half filling of the conduction band an
proved that the commensurate AFM state is unstable aga
domain-wall formation thus leading to the establishment
an incommensurate insulating state, with the extra carr
localized on the domain walls.

In conclusion, 139La NMR measurements in conformit
with magnetic and EPR measurements indicate~i! the low-
temperature AFM phase of La0.5Ca0.5MnO3 consists of
stacked AFM and PFO spin octants which are formed by
subsequent transformation of a mixed FM/AFM phase, a
~ii ! the PM-FM phase transition is driven by unusual coh
ent spin fluctuations which are present at least down toT
'180 K.
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