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Phase separation in La0.5Ca0.5MnO3 observed by 55Mn and 139La NMR
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We studied zero-field55Mn and 139La nuclear magnetic resonance~NMR! in La0.5Ca0.5MnO3. The 55Mn
and 139La NMR intensities, resonance frequencies, and spin-spin relaxation times showed thermal hystereses
upon cooling and warming. The analysis of the result shows that there are two distinct phase regions below
TC : a stable metallic ferromagnetic~FM! region and a region where metallic FM and insulating antiferromag-
netic phases compete. The two metallic FM phases are distinguished by mobileeg electron density. Theeg

electron density of the stable FM phase is 0.5, but that of the FM phase in the competition region is lower than
that. @S0163-1829~99!04945-0#
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Perovskite manganites, La12xCaxMnO3, have recently re-
ceived much attention due to their unusually large mag
toresistance effect produced by interplay among spin, cha
and lattice. The end members of this series, LaMnO3 and
CaMnO3, are antiferromagnetic~AFM! insulators. Substitu-
tion of La in LaMnO3 by divalent alkali metal leads to th
injection of mobile holes into the valence band, which favo
metallic ferromagnetic~FM! state via double exchang
interaction.1 Competition between AFM superexchange a
FM double exchange interactions creates a rich variety
magnetic and electric phases depending on temperature
Ca concentrationx. Upon cooling, La0.5Ca0.5MnO3 first ex-
periences a metallic FM phase atTC'230 K and then an
insulating AFM phase atTN'150 K.2–7 In 1955, Wollan and
Koehler2 observed two independent magnetic sublattices
La0.5Ca0.5MnO3 at a low temperature by neutron powder d
fraction. Goodenough8 discussed that this spin ordering
accompanied by charge ordering of Mn31 and Mn41, which
suppresses the FM coupling, allowing the system to ente
AFM phase.3 Recently, it was observed that FM and AF
phases coexist belowTN by means of 55Mn and 139La
NMR.9,10 This phase separation was observed not only n
x50.5 but also near any phase boundaries of the met
FM phase (0.2,x,0.5) induced by either temperature
hole doping.10 Theory also predicts separation of phases w
different mobile eg electron densities in several cases11

Long-range Coulomb interaction makes many small pie
of phase regions energetically more stable than a few
pieces. However, it is expected that the competing pha
have similar electron density and macroscopic phase reg
are created in La0.5Ca0.5MnO3.

In this paper, we present a detailed investigation of
phase separation in La0.5Ca0.5MnO3 by means of55Mn and
139La NMR. It is found that there are two distinct pha
regions belowTC ; a stable metallic FM region and a regio
where metallic FM and insulating AFM phases compete. T
eg electron density of the FM phase in the competition
gion seems to be lower than that of the stable FM pha
NMR intensities, resonance frequencies, and spin-spin re
ations showed hystereses upon cooling and warming.

Polycrystalline La0.5Ca0.5MnO3 was prepared by the stan
dard solid-state reaction method. X-ray powder diffracti
PRB 600163-1829/99/60~21!/14545~4!/$15.00
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data showed that the lattice constants closely agree with p
lished data.4 Temperature dependence of magnetization w
measured using a commercial superconducting quantum
terference device magnetometer at 100 Oe.55Mn and 139La
NMR spin echo spectra were measured as a function of
quency after partial spectral excitation in the temperat
range of 78 K to room temperature in zero external field.
carefully tuned and matched coil was used for precise m
surement of echo signal.

Figure 1 is magnetization obtained both upon cooling a
warming La0.5Ca0.5MnO3. The magnetization curve show
strong hysteresis. Upon cooling, the sample undergoes a
transition atTC'230 K. The magnetization reaches its max
mum atT'150 K, and then drops down to a stable value
T'105 K. The transition atTN'150 K is not a pure AFM
transition in the sense that magnetization does not vanish
remains at about 10% of the maximum value. The amoun
remnant magnetization atx50.5 differs in each report,2–7

depending on the process of sample preparation.
In zero-field NMR of La12xCaxMnO3, Mn or La nuclear

spins experience large local field originating from Mn 3d
electron magnetic moments. The local field is represente

HL5Am1C(
j

njm j1Hd-d , ~1!

whereA andC are the on-site and transferred hyperfine co
pling constants, respectively,m is the on-site Mn magnetic
moment, andnj is the number of thej-site Mn moments,m j ,

FIG. 1. The temperature dependence of the magnetization at
Oe.
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neighboring the Mn or La ions.Hd-d is the dipolar field
summed over all Mn magnetic moments. The on-site hyp
fine field is dominant at Mn nuclei, while the transferre
hyperfine field is dominant at La nuclei because La ions
nonmagnetic. Therefore, zero-field Mn NMR spectrum c
be observed in any spin-ordered phases, while La N
spectrum can be observed only in FM phase. The dipole fi
is canceled at a site of cubic symmetry, though a small
pole field was observed in La0.5Ca0.5MnO3 by broken sym-
metry at low temperature.4

Figures 2~a! and 2~b! are the zero-field Mn and La NMR
spectra obtained at various temperatures, respectively. R
frequency~rf! fields required for the maximum echo signa
of Mn and La NMR were orders of magnitude smaller th
that of proton NMR, meaning that rf enhancement is ve
large.10 This rf enhancement is typical in FM NMR, an
therefore the observed NMR signals come from the nuc
spins in FM phases. The Mn NMR signal coming from t
nuclear spins in an AFM phase was observed only at v
low temperature, below 5 K, in zero fields.9 Both the Mn and
La NMR spectra show strong thermal hysteresis.

Near TN'150 K, it is clearly noticed that the Mn NMR
spectrum obtained on cooling is composed of two peaks
the metallic FM state,eg electrons hop fast between Mn31

and Mn41 ion sites. If the hopping time is shorter than th
period of the Larmor precession, Mn nuclear spins exp
ence an averaged local field of Mn31 and Mn41 electron
magnetic moments. This leads to observation of a mo
narrowed NMR spectrum of single peak, instead of dou
peaks coming separately from nuclear spins at Mn31 and
Mn41 sites. The motion narrowed55Mn NMR spectrum has
been observed in the whole metallic FM regime
La12xCaxMnO3 (0.2,x,0.5). In an insulating FM state
(x,0.2), separate peaks of Mn31 and Mn41 are

FIG. 2. The zero-field spectra of55Mn NMR ~a! and the zero-
field spectra of 139La NMR ~b!, obtained upon cooling~solid
square! and warming ~open circle!. Dashed lines represent th
double Gaussian fit to the spectra.
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observed.12,13 The separate peaks shown in Fig. 2~a! are not
due to freezing of mobileeg electrons, however, because th
relative frequency difference,D f / f 0, is less than 10% while
that of Mn31 and Mn41 peaks should be 33%. Therefore, th
double peaks are interpreted to show the coexistence of
distinct metallic FM phase regions, as discussed in de
below.

Figure 3 shows the Mn NMR center frequencies and
spectral areas of the two lines obtained by the double Ga
ian fit to the spectra in Fig. 2~a!, together with the spin-spin
relaxation time (T2) as a function of temperature. Both o
the center frequencies increase monotonously with decr
ing temperature, and the frequency difference is about
MHz irrespective of temperature throughout the whole te
perature range. The resonance frequencies remain fi
when the spectral areas vanish as approachingTC . This fact
has been observed in several reports on perovskite man
ites and interpreted to mean that the volume of the FM
gion vanishes atTC rather than the magnetic moments, co
trary to ordinary ferromagnets.10,14–16 In other words, a
mixed state of FM and paramagnetic phases is observed
TC , which includes the possibility of FM clusters or ma
netic polarons.

In the spectral areas shown in Figs. 3~b! and 3~c!, the
Boltzmann factor was removed. The spectral area of lin
shows strong thermal hysteresis compared to that of line I
the range of 105–190 K. The differences in the center f
quency and spectral area imply that there are two dist
metallic FM regions. The NMR characteristics of line II in
dicate that the region from which this NMR line originate
has the stable metallic FM phase found in La12xCaxMnO3
for 0.2,x,0.5. In this range ofx, the spectral area wa
observed to increase with decreasing temperature as line

FIG. 3. The 55Mn NMR frequency of line I~open circle! and
line II ~solid square! ~a!, the spectral area of line I~b!, the spectral
area of line II~c!, and the spin-spin relaxation time~d! plotted as a
function of temperature. The error range in~a!, ~b!, and ~c! is
roughly the size of data points.
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La0.5Ca0.5MnO3. The center frequency provides a mo
quantitative support for this claim. Since the average
magnetic moment decreases from 4mB to 3mB with x in-
creasing from 0 to 1, the local field at a Mn nucleus sho
decrease linearly withx in the metallic FM phase if the cou
pling constantsA andC in Eq. ~1! are independent ofx. The
plot in Fig. 4 shows that the Mn NMR frequency decreas
linearly with x and the center frequency of line II locates o
this line, while that of line I locates far below it. The grap
strongly suggests that the density ofeg electrons in the re-
gion corresponding to line II is 0.5.

The electric and magnetic state of the region from wh
line I of the NMR signal comes can be inferred from t
resemblance of the spectral area@Fig. 3~b!# and the magne-
tization curves~Fig. 1!. The magnetization decays belowTN
due to the suppression of the metallic FM ordering produ
by the hopping ofeg electrons at higher temperature.8 When
eg electrons localize to form the AFM ordering belowTN ,
the motion narrowed NMR signal vanishes according
Therefore, the close resemblance between these two cu
indicates that the metallic FM and insulating AFM couplin
are competing in the region producing line I. The local fie
in the metallic FM phase depends on the relative ratio
Mn31 and Mn41 ion numbers or, equivalently,eg electron
density. Therefore, the frequency difference of the two lin
suggests that theeg electron density of the metallic FM
phase in the competing region is lower than that of the sta
FM region. If the linear relation between the center fr
quency andx in Fig. 4 is extended to the competing regio
the eg electron density of the metallic FM phase of this r
gion is about 0.1. Another possible reason for the freque
difference is different spin fluctuations, which would giv
different magnitude of̂S&. If the spin fluctuation is different
in the two regions, the NMR relaxation times should show
difference. In the whole temperature range of experime
however, the variation of the relaxation times with frequen
was negligible. Therefore, different spin fluctuation char
teristics in the two regions are not so likely.

Magnetization belowTC is mainly developed in the com
petition region, and the remnant magnetization at low te
perature is mainly attributed to the stable region. NearTN ,
three phases coexist; a stable metallic FM phase, an ins
ing AFM phase, and another metallic FM phase compet
with the AFM phase. The coexistence of two magnetica

FIG. 4. The central frequency of55Mn NMR vs x at 78 K.
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very similar, but electronically inequivalent, phases was a
found in EuB6 by the observation of double peaks in153Eu
NMR spectrum.17

La NMR spectrum in Fig. 2~b! also shows a double pea
feature nearTN although it is not so distinct as in the M
NMR spectrum. Papavassiliouet al.also observed La spectr
of the double Gaussian shape,14 and claimed that the signal
at 19 MHz and 22.5 MHz were attributed to FM and AF
phases, respectively. The frequency difference of the
lines was explained by the dipole field. However, the diffe
ence of the local fields of the two lines is about 5.5 kG, wh
the dipole field on La nuclei was reported to be about 0.7
in LaMnO3.18 Considering the fact that the relative La NM
frequency difference of the two lines is of the same ord
with that of Mn, it might be more reasonable to attribute t
frequency difference of two lines in the La spectra not to
dipole field, but to the difference of the average Mn magne
moment as in the55Mn spectra. In fact, most features of th
La NMR spectrum in La0.5Ca0.5MnO3 are interpreted consis
tently with those of Mn NMR spectrum, as we can gue
from the resemblance of Fig. 3 and Fig. 5.

In Fig. 5, the zero-field La NMR frequencies, the spect
areas of the two lines, and the La spin-spin relaxation ti
(T2) are plotted. As in the case of the Mn spectra, the cen
frequencies and spectral areas were obtained by the do
Gaussian fit to the spectra in Fig. 2~b!, and the nuclear Bolt-
zmann factor was corrected in the spectral areas. La N
frequencies also showed weak hysteresis as Mn, and
creased monotonously with decreasing temperature, w
the magnetization decays fast belowTN . This is another evi-
dence that La NMR signals come from FM regions. T
resonance frequency of line I was lower than that of line II
Mn, and the frequency difference of the two lines was ab

FIG. 5. The 139La NMR frequency of line I~open circle! and
line II ~solid square! ~a!, the spectral area of line I~b!, the spectral
area of line II~c!, and the spin-spin relaxation time~d! plotted as a
function of temperature. The error range in~a!, ~b!, and ~c! is
roughly the size of data points.
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14 548 PRB 60BRIEF REPORTS
3.5 MHz throughout the whole temperature range. The
quency of line II coincides with those observed in homog
neous ferromagnets, La12xCaxMnO3 (0.2,x,0.5).10 From
the comparison of the frequencies and spectral areas o
La and Mn NMR spectra, it is quite clear that lines I and II
the La spectra comes from the regions that produce lin
and II of the Mn spectra, respectively.

The spectral areas of La NMR show similar behavio
with those of Mn NMR qualitatively; large hysteresis in lin
I and nonvanishing amplitude of line II at low temperatu
Line I comes from the region where the metallic FM a
insulating AFM couplings compete and the decay of
spectral area of line I belowTN is attributed to the change o
spin order from FM to AFM phases accompanied by cha
ordering, whereas the phase of the region producing lin
remains a relatively stable metallic FM state throughout
whole temperature range. One of the interesting feature
the La spectra is that the total spectral area resembles
magnetization curve contrary to the Mn spectra. The sum
the two spectral areas was maximum at 150 K upon cool
and it was about 10 times bigger than that upon warmi
This ratio matches that of the magnetization. This means
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the signal enhancement factor is independent of tempera
and the spectral areas are proportional to the volumes of
corresponding FM regions.

Both the spin-spin relaxation times of Mn and La NM
showed hysteresis though that of La NMR is stronger. Th
hystereses mainly reflect the hysteresis of the FM volu
fraction in the competing region, since the hysteresis of
stable FM volume fraction is much weaker. In a recent
port, however, Allodiet al.mentioned that the local field an
relaxation time did not show thermal hysteresis.9 In our opin-
ion, the main reason for this discrepancy is difference
sample characteristics. The ratio of the maximal magnet
tion to the remnant magnetization at low temperature
much smaller in their sample than ours. The FM phase in
competing region mainly contributes to the maximal mag
tization, while the stable FM phase contributes to the re
nant magnetization as mentioned above. Therefore, a s
ratio of these magnetizations means that the volume rati
the FM phase in the competing region to the stable FM ph
is small, and the hystereses of relaxation times are weak
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