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Phase separation in La0.5Ca0.5MnO3 doped with 1%119Sn detected by Mössbauer spectroscopy

A. Simopoulos, G. Kallias, E. Devlin, and M. Pissas
Institute of Materials Science, National Center for Scientific Research ‘‘Demokritos,’’ 153 10 Athens, Greece

~Received 14 February 2000; published 27 December 2000!

1%119Sn-doped La0.5Ca0.5MnO3 was studied by Mo¨ssbauer spectroscopy, magnetic moment, and resistivity
measurements. The Mo¨ssbauer spectra below the charge-ordering temperature are explained with ferromag-
netic, antiferromagnetic, and ferromagnetic spin cluster components. The magnetic and thermal hystereses of
the relative intensities of the components observed in the Mo¨ssbauer spectra, and of the bulk properties such as
magnetic moment and electrical resistivity, in the temperature range 125–185 K, are characteristic of phase
equilibrium in a first-order transition, i.e., of phase separation in the system below the charge-ordering transi-
tion. The cluster component displays a significant hyperfine field up to;125 K. Above this temperature it
exhibits superparamagnetism, becoming the dominant component above the charge-ordering transition. These
results are discussed in the framework of recent investigations of the manganite system with other techniques
which also show phase separation.

DOI: 10.1103/PhysRevB.63.054403 PACS number~s!: 76.80.1y, 76.60.Es, 75.40.2s, 75.50.Cc
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I. INTRODUCTION

The Lanthanum manganite series La12xCaxMnO3 pre-
sents a remarkably complicated phase diagram as the nu
of Mn41 changes.1–3 For x<0.45 the ground state is a fe
romagnetic~FM! metal and abovex50.55 a charge ordere
antiferromagnetic~AF! insulator.4,5 In the intermediate dop
ing regime, mixtures of the two phases have been obse
and close tox;0.5 it was shown that even a small variatio
of the Mn41 content can greatly change the properties.6

The coexistence of FM and AF phases~or phase separa
tion! in this doping regime has been predicted theoreticall7,8

and witnessed by a number of techniques. This coexiste
can be expected since the energies of the two relevant in
actions ~double exchange and superexchange! are compa-
rable. This energetic argument is supported by the fact
application of an external magnetic field changes the ene
balance enhancing the FM phase through a melting trans
of the charge-ordered~CO! lattice.9,10 In bulk magnetization
measurements, the high value of the magnetic moment
served at low temperatures implies the existence of a fe
magnetic component~its amount varies with the sampl
preparation route!.2,6,9,10Electron diffraction studies11,12have
shown that, between 95 and 135 K, La0.5Ca0.5MnO3 is an
inhomogeneous spatial mixture of incommensurate cha
ordered and ferromagnetic charge-disordered microdom
with a size of 200 – 300 Å~chemical inhomogeneities hav
been ruled out with electron microprobe analysis with a s
tial resolution of 200 Å). Phase separation was detected
local NMR probes (139La, 55Mn) at all temperatures below
the first formation of the CO state in La0.5Ca0.5MnO3.13,14

Mössbauer spectroscopy in57Fe-doped La0.5Ca0.5MnO3 has
also shown coexistence of the two phases and manife
clearly the thermal and magnetic history dependence of t
relative fractions.10 Finally, coexistence of charge ordere
AF and charge disordered FM phases was observed b
the charge-ordering transition by neutron diffraction me
surements in thex50.5 ~Ref. 15! andx50.47 compounds.16

In this paper, we report a detailed Mo¨ssbauer study o
La0.5Ca0.5MnO3 doped with 1%119Sn. The aim is to follow
0163-1829/2000/63~5!/054403~7!/$15.00 63 0544
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microscopically the evolution of the phases that appear as
temperature is varied. Sn substitutes for Mn41 and serves as
a probe of the magnetic state of the host lattice through
transferred hyperfine interactions from its neighbor Mn ma
netic ions in a similar fashion with the139La probe in NMR
investigations. The results show phase separation at all t
peratures below the CO temperature as witnessed by the
and AF components in the Mo¨ssbauer spectra. A third com
ponent appearing in the Mo¨ssbauer spectra even at 4.2 K
attributed to spin clusters. The relative intensities of the
components show thermal and magnetic hysteresis, ind
ing that the FM-AF transition is of first order. Hysteret
behavior is also displayed in bulk magnetic moment and
sistivity measurements.

II. EXPERIMENTAL

We prepared a sample with nominal compositi
La0.5Ca0.5Mn0.99Sn0.01O3 by thoroughly mixing high purity
stoichiometric amounts of La2O3, CaCO3, MnO2, and
SnO2 (90% enriched in119Sn). The mixed powders wer
pelletized and annealed in air at 1390 and 1410 °C for
proximately 300 h with intermediate grindings and reform
tion into pellets each time. Finally, the sample was slow
cooled in the furnace.

X-ray powder diffraction~XRD! data were collected with
a D500 SIEMENS diffractometer, using CuKa radiation and
a graphite crystal monochromator, from 4° to 120° in ste
of 0.03° in 2Q. The power conditions were set at 40 KV/3
mA. The aperture slit as well as the soller slit were set at
The refinement of the x-ray diffraction patterns was carr
out by the BBWS-9006 Rietveld program19 using the space
group Pnma. The shape of the peaks was assumed to
Pearson VII and the background was refined together w
the structure. The isotropic temperature factors for the o
gen atoms were kept constant at the same value. The re
pattern shown in Fig. 1 and the results of the refinem
given in Table I show the high crystalline quality of ou
sample. The lattice parameters obtaineda55.4175(2) Å,
b57.6401(2) Å, andc55.4276(3) Å are very close to
©2000 The American Physical Society03-1
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those of the undopedx50.5 compound.
dc magnetization measurements were performed i

SQUID magnetometer~Quantum Design! for fields up to 50
kOe. ac susceptibility measurements were performed at
dc field by means of a laboratory-constructed probe at a
quency of 317 Hz and with an ac external field of amplitu
hac51.5 Oe. Four-probe resistivity measurements with a
without a magnetic field were performed on a sintered ba
the temperature range 4.2–320 K. Mo¨ssbauer spectra wer
recorded with a conventional constant acceleration spectr

FIG. 1. Rietveld refinement patterns fo
La0.5Ca0.5Mn0.99Sn0.01O3 using x-ray powder diffraction data. Th
observed intensities are shown by dots and the calculated one
the solid line. The positions of the Bragg reflections are shown
the small vertical lines below the pattern. The line at the bott
indicates the intensity difference between the experimental and
refined patterns.
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eter with a 5 mCi CaSnO3(119Sn) source moving at room
temperature~RT!, while the absorber was kept fixed in
variable temperature cryostat equipped with a supercond
ing magnet~65 kOe! in a geometry perpendicular to th
g-ray beam. The calibration of the spectrometer was m
with a-Fe and a-Fe2O3 absorbers and isomer shifts a
quoted relative toa-Fe at room temperature.

III. RESULTS AND DISCUSSION

A. Magnetic moment and resistivity measurements

Figure 2~a! shows bulk magnetic momentm vs T mea-
surements in field-cooling~FC! and field-cooling warming
~FCW! modes in an external magnetic field of 10 kOe. T

by
y

he

FIG. 2. ~a! The dc magnetic moment upon field cooling an
field cooling warming in H510 kOe and ~b! the real part
of the ac susceptibility in zero dc magnetic field fo
La0.5Ca0.5Mn0.99Sn0.01O3 .
rs for
e in

tis-
TABLE I. Fractional atomic coordinates, isotropic temperature factors and occupancy facto
La0.5Ca0.5Mn0.99Sn0.01O3 compound using powder x-ray diffraction data. Rietveld refinements were don
the space groupPnmawith lattice parametersa55.4175(2) Å,b57.6401(2) Å, andc55.4276(3) Å.
The reliability factors wereRp54.99%, Rwp59.88%, andRB54.06%. Numbers in parentheses are sta
tical errors of the last significant digit.

Atom
Wyckoff
notation x y z B N

La 4a 0.02~1! 1/4 0.0031~1! 0.22~3! 0.5
Ca 4a 0.02~1! 1/4 0.0031~1! 0.22~3! 0.5
Mn 4b 0 0 1/2 0.22~3! 0.99
Sn 4b 0 0 1/2 0.22~3! 0.01
O1 4a 0.496~1! 1/4 0.0450~1! 0.5 1.0
O2 20.2752(1) 20.0375(1) 0.275~2! 0.5 1.0
3-2
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PHASE SEPARATION INLa0.5Ca0.5MnO3 DOPED . . . PHYSICAL REVIEW B 63 054403
sample undergoes a rather broad paramagnet-to-ferroma
transition at;245 K ~defined in a measurement at 50 Oe!.

On cooling,m increases smoothly with a maximum ma
netic moment around 140 K. Below this temperature
bulk magnetic moment drops to a value that is approxima
55% of the maximum value and then remains constant do
to 4.2 K. The value ofm at 4.2 K is rather large and cer
tainly cannot be explained by an antiferromagnetic or can
antiferromagnetic phase. The presence of a ferromagn
phase is needed. Warming from 4.2 K shows a strong h
teresis in the region 100–185 K, indicating the first-ord
nature of this transition. Under an applied field of 5 T the
transition is smeared out and the bulk magnetic mom
reaches 80% of its full FM saturation value at low tempe
tures ~for an ideal ferromagnetic state in the sample it
101.5 emu/g or 3.5mB). The ac susceptibility measureme
shown in Fig. 2~b! is in agreement with the dc data.

Resistivity measurements in zero and 5 T fields performed
following the same sequence as the magnetic measurem
are shown in Fig. 3. At zero field, on cooling, the resistiv
increases below 250 K and shows two small maxima aT
;160 and;110 K, whereas on warming a broad peak a
pears atT;140 K, showing strong hysteresis. In a 5 Tmea-
surement the hysteresis disappears and only a broad m
mum centered around 150 K is observed. T
magnetoresistance effect@r(0)2r(5T)#/r(0) is '85% at
the maximum of the resistivity curve~around 140 K!.

The maximum value of the resistivity observed atT
;140 K indicates that above this temperature ‘‘activate
conduction occurs and below this temperature conduc
takes place probably through a percolation path created
FM regions in the sample, in agreement with the magnet
tion data

In a recent study Royet al.6 have investigated the regio
aroundx50.5 and found differences between thex value and
the Mn41 fraction which reflect on the magnetization an
resistivity behavior of the corresponding samples. Comp
ing our bulk measurements with their detailed data we
conclude that the Sn-doped sample is slightly belowx;0.5
~e.g.,x50.49) in the magnetic (T vs x) phase diagram of the
La12xCaxMnO3 manganites.

FIG. 3. The temperature dependence of resistivity atH50
~open and filled circles! andH550 kOe~solid line!.
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B. Mössbauer measurements

Figure 4 shows Mo¨ssbauer spectra at 300, 4.2, and 4.2
after field cooling in the presence of an external field of
kOe. The results of the fitting at 4.2 K are presented in Ta
II. The RT spectrum consists of a single absorption line w
linewidth G50.78 mm/s and isomer shiftd50.10 mm/s.
This latter value corresponds to a 41 valence state of Sn
indicating that Sn ions substitute for Mn41. The 4.2 K spec-
trum is fitted with three magnetic components, one with
large hyperfine field (Hhf5249 kOe) and the other two with
smaller hyperfine fields~93 and 47 kOe!. The FC spectrum
shows a dramatic increase of the high field component at
expense of the low field components. An analogous incre
~actually a reversal of the FM and AF fractions! was ob-
served in Fe-doped La0.5Ca0.5MnO3,10 and was attributed to
the ‘‘melting’’ of the CO-AF state to a FM state.

The fact that Sn nucleus senses transferred hyperfine
from the overlapping of the 3d orbitals of the Mn neighbors
in the surrounding Mn octahedron with its 5s orbitals, leads
us to the following assignment of the three components
the 4.2 K Sn spectrum. The large field component (Hhf
5249 kOe) arises from a ferromagnetic environment wh
all the Mn moments are parallel and add up to a large tra
ferred hyperfine field at the Sn nucleus~FM component!.
The 93 kOe component arises from an antiferromagnetic
vironment where the antiparallel moments contribute tra
ferred hyperfine fields with opposite sign and which tend

FIG. 4. Mössbauer spectra~a! at room temperature,~b! at T
54.2 K in zero applied field, and~c! at T54.2 K after field-
cooling in an applied field of 60 kOe.
3-3
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TABLE II. Experimental values of the isomer shiftd relative to a-Fe at RT in mm/s, the hyperfine
magnetic fieldH in kG, the hyperfine magnetic field spreadDH modulating the linewidths, and the relativ
area of the components which appear in the Mo¨ssbauer spectra as obtained from least squares fits o
Mössbauer spectra of La0.5Ca0.5Mn0.99Sn0.01O3 at 4.2 K in zero field and at 4.2 K after FC in a magne
field of 60 kOe.

FM AF CL
d H DH A~%! d H DH A~%! d H DH A~%!

ZFC 0.15 249 28 30~1! 0.15 93 24 50~1! 0.15 47 10 20~1!

FC 0.15 288 28 80~3! 0.15 120~5! 21 10~4!

0.15 80~3! 21 10~4!
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cancel~AF component!. Since in the CE structure1,4 there are
four Mn31 ions with antiparallel moments and two Mn41

ions with parallel moments in the Mn octahedron surrou
ing the Sn41 probe, the cancellation is not total and a hyp
fine field value of'1/3 of the field of the FM componen
would be expected for the AF component. As mention
above, this component transforms to the FM component
der the influence of cooling in a 6 T field. We will discuss
the nature of the third component@ferromagnetic spin cluste
~CL!# with a hyperfine field of 43 kOe at a later stage.

The FC spectrum at 4.2 K@Fig. 4~c!# was modeled with
one component (Hhf5288 kOe) with line intensity ratio
3:4:1 and twocomponents (Hhf5120 and 80 kOe! modu-
lated by a distribution of hyperfine fields (DH521 kOe)
with line intensity ratio 3:2:1~see Table I!. The relative in-
tensity of the high field component~FM phase! increases
considerably~80%! at the expense of the low-field compo
nents. The AF component present in the zero field spect
has a reduced intensity of 20%, and the CL componen
absorbed in the FM component due to the applied field. T
two AF components describe the modulation of the net
perfine field seen by the nucleus in the case of a polycrys
line antiferromagnet with large magnetic anisotropy in
external field. The net field at the nucleus varies fromH0
2H to H01H (H0 is the internal andH is the external
field!, causing the Mo¨ssbauer spectra to be broadened.17 The
overall effect of the applied field to the system~and thus to
the spectrum! is the same as that observed in Fe-dop
La0.5Ca0.5MnO3.10

An important difference should be noted here for the h
perfine fields probed by the119Sn and57Fe nuclei. The119Sn
ion is diamagnetic and detects the vector sum of the hy
fine fields transferred from neighboring moments. Thus
posite moments have a cancelling effect. However, for57Fe
the hyperfine field arises from the iron ion’s own mome
The polarization of the iron moment arises from t
~super!exchange interactions of the Mn and Fe spins. T
superexchange interaction may result in ferromagnetic or
tiferromagnetic alignment, but the iron moment remains
same. Thus, parallel neigboring spins are equivalent to a
parallel spins, i.e., FM and AF environments result in t
same hyperfine field.

We turn now to the temperature dependence of these t
components. Figure 5~upper panel! shows some characteris
tic spectra upon warming@Fig. 5~a!# and cooling@Fig. 5~b!#
in zero field. The general features of the spectra do
05440
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change up to;120 K. Above this temperature a single pe
emerges from the central region of the spectra whose in
sity increases quickly as the temperature is raised. The
component persists up to;230 K and above this tempera
ture the spectra consist of a single line only. Hysteresis
clearly evident in the central part of these spectra. The wi
which are present in the warming mode in the temperat
range;120 to;180 K are reduced considerably at the co
responding temperature in the cooling mode~compare the
spectra at 155 K in the two modes in the lower panel of F
5!.

We have fitted the spectra throughout the whole tempe
ture range with the three components of the 4.2 K spectr
In our fitting procedure the linewidths of the three comp
nents were kept constant to the RT value, the isomer s
values were the same for the three components allowin
small temperature variation due to the second order Dop
shift, and the quadrupole interaction was kept equal to z
due to the cubic symmetry of the Sn site. The free parame
were the hyperfine field, the intensity of each spectral co
ponent, and a distribution of the hyperfine fieldsDH. The
latter arises from small deviations of the Sn positions
which the transferred hyperfine field at the Sn nuclei is v
sensitive.

Figure 6 shows the main result of the paper: the tempe
ture variation of the relative intensity of each compone
The intensities of the FM and AF phases show hysteresi
the temperature range 1202185 K, as observed in the mag
netic moment and resistivity measurements described in
previous section. In particular, on warming, the FM spect
area remains constant up to;185 K and then drops, while
on cooling it increases to 40% at;150 K, then drops to
;25% at 100 K, and remains constant down to 4.2 K,
agreement with the magnetization data@Fig. 2~a!#, and with
the La NMR results of Allodiet al.13 obtained in the cooling
mode. The opposite behavior is observed for the AF spec
area, which disappears at;180 K on warming and reap
pears at;150 K on cooling, thereby marking the charg
ordering temperature. It should be noted that this phas
absent in the zero field La NMR data due to the compl
cancellation of the transferred hyperfine interactions from
neighbor Mn ions.13 Also, it cannot be discerned in the57Fe
Mössbauer spectra10 since, as mentioned above, it coincid
with the FM component. Thus the119Sn probe is ideal to
detect the AF phase.
3-4
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PHASE SEPARATION INLa0.5Ca0.5MnO3 DOPED . . . PHYSICAL REVIEW B 63 054403
Hysteresis is also observed in the temperature variatio
the hyperfine field of the AF phase~Fig. 7!. The temperature
variation of Hhf for the FM phase follows a typical mean
field-like curve, as for the case of a ferromagnet, up
230 K, above which this component disappears. It is in
esting to note that at this temperature theHhf value is still
considerable~142 kOe!. This discontinuity has also been ob
served in La NMR experiments and it has been attributed

FIG. 5. Representative Mo¨ssbauer spectra o
La0.5Ca0.5Mn0.99Sn0.01O3 in the temperature range 92 to 184
upon~a! warming and~b! cooling.~c! Magnified view of the spectra
at 155 K both upon warming and cooling.
05440
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a first-order transition.13,18 This zeroing of the volume of the
FM phase and not of the hyperfine field~which is contrary to
ordinary ferromagnets! implies the existence of a mixed sta
of FM and paramagnetic phases nearTc , thus leading to the
possibility of ferromagnetic clusters.14

Examining the temperature behavior of the third comp
nent ~CL component! we notice that its hyperfine field de
creases smoothly with temperature and drops to zero
;125 K ~Fig. 7!. Above this temperature this compone
appears as a single paramagnetic peak with some broa
ing, with its intensity increasing with temperature~see Fig. 6
and the Mo¨ssbauer spectra in Fig. 5!. The zeroing of the
hyperfine field of the CL component coincides with the te
perature at which the charge-ordering is completed on c
ing and is beginning to break down on warming. The sm
saturation field~47 kOe! of the component does not allow it
assignment to any AF spin configuration of the Mn near
neighbors. Thus, we ascribe this component to ferromagn
clusters which exhibit a reduced hyperfine field either due
relaxation phenomena or to a reduced moment within
clusters. These clusters are present at 4.2 K and their s
tral area remains practically constant up to;125 K. Above
this temperature they exhibit superparamagnetic beha
and their intensity increases rapidly at the expense of the
and FM phases. The existence of ferromagnetic cluster
manganites has been used by Moreoet al.20 to account for
the density of states in the framework of one- and two-orb

FIG. 6. The temperature variation of the relative intensities
the components which appear in the Mo¨ssbauer spectra o
La0.5Ca0.5Mn0.99Sn0.01O3 . The dashed lines mark the temperatu
range where hysteresis is observed.
3-5
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models. Recently, Allodiet al.21 have shown by55Mn NMR
that the field-induced FM phase in Pr0.5Sr0.5MnO3 develops
by the nucleation of microscopic ferromagnetic domai
which may be similar in nature to the ferromagnetic clust
proposed here.

It should be noted that a paramagneticlike component
pears forT,Tc in all the reported Mo¨ssbauer experiments o
La manganites doped with Fe,10,22–26 Co,27,28 or Sn,29 for
values of Ca~Sr! doping between 0.17 and 0.60 which cove
the phase diagram range where the ground state is FMx
<0.45) and AF (x>0.55). In addition, neutron scatterin
experiments forx50.33 ~Ref. 30! and x50.17,31 have de-
tected a quasielastic component forT,Tc which becomes
dominant as the temperature approachesTc . We speculate
that this component is associated with ferromagnetic clus

FIG. 7. The temperature variation of the hyperfine fields of
components which appear in the Mo¨ssbauer spectra o
La0.5Ca0.5Mn0.99Sn0.01O3 . The dashed lines mark the temperatu
range where hysteresis is observed.
e
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in all these cases. It appears that both Mo¨ssbauer and neutro
scattering techniques have the sensitivity to directly de
the formation of ferromagnetic clusters. The coincidence
the zeroing of the hyperfine field of the CL component w
the completion and breakdown~on cooling and warming,
respectively! of the charge ordering indicates that the clus
development and growth is directly associated with cha
ordering or charge localization.

In summarizing the Mo¨ssbauer data, we notice that th
hysteretic range of the system is characterized by two t
peraturesT15120 K and T25185 K, in agreement with
the bulk measurements. In the temperature interval 4.2,T
,120 K the system comprises a FM phase (;30%), an AF
phase (;50%) and FM clusters (;20%). The FM and AF
phases display hysteresis in the range 120,T,185 K. The
disintegration ~formation! of the AF phase on warming
~cooling! is clearly manifested through Mo¨ssbauer spectros
copy in this temperature interval. ForT.125 K. ferromag-
netic clusters with superparamagnetic behavior grow rap
in number and dominate up to the ferromagnetic to param
netic transition at Tc5225 K. This picture for the
La0.5Ca0.5MnO3 system is in agreement with the pha
separation models7,8 and supplements the electron diffractio
investigations11,12 and the La NMR data.13,14

IV. CONCLUSIONS

119Sn Mössbauer spectroscopy reveals that the Sn pr
monitors the phase evolution during the charge-order
transition in La0.5Ca0.5MnO3. Complementary bulk magneti
moment and resistivity measurements are in agreement
the Mössbauer findings. Below the charge-ordering tran
tion, phase separation occurs into FM and AF phases per
ing down to 4.2 K. The hysteresis observed shows that
FM-AF transition is of first order. The phase separation
associated with the existence of FM clusters which domin
in the system above the CO transition.
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