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Evidence of ferromagnetic domains in the La0.67Ca0.33Mn0.9Fe0.1O3 perovskite
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The nature of the low-temperature magnetic state of polycrystalline La0.67Ca0.33Mn0.9Fe0.1O3 has been stud-
ied by magnetization, neutron diffraction, and neutron depolarization measurements. Neutron depolarization
measurements indicate the existence of ferromagnetic domains with low net magnetic moments below 108 K.
The substitution of Mn31 by Fe31 reduces the number of available hopping sites for the Mneg ~up! electron
and suppresses the double exchange, resulting in the reduction of ferromagnetic exchange. The competition
between the ferromagnetic double-exchange interactions and the coexisting antiferromagnetic superexchange
interactions and its randomness due to random substitutions of Mn31 with Fe31 drive the system into a
randomly canted ferromagnetic state at low temperatures.
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I. INTRODUCTION

In recent years there has been a growing interest in fe
magnetic rare-earth manganese perovskites due to the im
tance of potential technological applications and the fasci
ing physics involved.1–6 When a divalent ion~A! is doped in
the La site of antiferromagnetic LaMnO3, it introduces mo-
bile eg electrons that mediate the ferromagnetic interact
between Mn31 and Mn41 within the framework of the
double-exchange interaction model.7 The ferromagnetic in-
teraction is dependent on the on-site Hund’s coupling
tween thet2g core spins and mobileeg electrons and on the
hopping integral t between eg(Mn)-2ps(O)-eg(Mn)
orbitals.8 These ferromagnetic interactions must comp
with coexistingt2g(Mn)-2pp(O)-t2g(Mn) antiferromagnetic
interactions. The long-range ferromagnetic and antifer
magnetic interactions can be perturbed when a nonmagn
or noninteracting ion is partially substituted for mangane
ions. There are several such recent studies on magnetic p
erties of Mn-site substituted La12xAxMnO3 manganese per
ovskite oxides.9–15 Such a substitution may introduce diso
der and frustration in the system that may eventually lead
a spin-glass-type of behavior. The La0.67Ca0.33MnO3 com-
pound is a ferromagnet withTC5250 K ~Ref. 16! and 275 K
~Ref. 17!. In a recent study of~i! the irreversibility between
zero-field-cooled~ZFC! and field-cooled~FC! magnetiza-
tion, with a field-dependent branching temperature,~ii ! the
frequency and field dependence of the ac susceptib
anomaly, and~iii ! the magnetoresistance, a spin-glass-type
behavior with a spin freezing temperature of 42 K has b
reported by Caiet al.,18 for the La0.67Ca0.33Mn0.9Fe0.1O3
compound. Ahnet al.12 have shown that for this amount o
Fe a direct replacement of Mn31 by Fe31 occurs. The similar
ionic radii of Fe31 and Mn31 mean that lattice distortion
effects of the substitution may be ignored. It is a gene
practice to characterize a spin glass by such character
PRB 620163-1829/2000/62~2!/1118~6!/$15.00
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behaviors in ZFC-FC magnetization and ac susceptibi
curves.19 However, Wang et al. have shown for the
La0.7Ca0.3MnO3 ferromagnetic compound that such featur
can arise from freezing of domains.20 Among others, in local
~randomly! canted spin systems such characteristic behav
have also been interpreted in terms of kinetic freezing
magnetic domains.21–23An inconsistency of the result of Ca
et al.18 was the fact that they correlated the peak in resistiv
around 42 K ~where the metal-to-insulator transition an
CMR effect have been found! with the spin-glass freezing
temperature. A true double-exchange-mediated spin-g
should be insulating as observed, e.g.,
(La2/3Tb1/3!2/3Ca1/3MnO3 with r51013V cm.24,25 In this
compound, a size of spin clusters of around 18 Å was de
mined by small-angle neutron-scattering measurements.26

In order to identify the magnetic nature that the pres
material possess, some further clues are needed. Microsc
neutron diffraction and mesoscopic neutron depolarizat
results provide help. The nature of the sample cannot
determined by bulk magnetic measurements unequivoca
In the present study, we have, therefore, carried out neu
diffraction, polarized neutron transmission~neutron depolar-
ization!, and magnetization measurements
La0.67Ca0.33Mn0.9Fe0.1O3 in order to know the nature of mag
netic ordering in this Fe substituted perovskite.

II. EXPERIMENTAL DETAILS

The sample was synthesized by dissolving stoichiome
amounts of La2O3, CaCO3, MnC2O4•2H2O, and
FeC2O4•2H2O in nitric acid. The nitrate solution of meta
ions is evaporated to dryness at 300 °C. The black powde
then heated at 800 °C for 24 h. The powder thus obtai
was ground well and annealed at 1250 °C for 24 h. Roo
temperature powder x-ray diffraction pattern confirmed
single phase formation of orthorhombic perovskite struct
1118 ©2000 The American Physical Society
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with Pbnm space group for the La0.67Ca0.33Mn0.9Fe0.1O3
compound, as reported for the La0.7Ca0.3Mn12xFexO3 com-
pounds withx50.0, 0.02, 0.04, 0.06, 0.08, 0.10, and 0.1214

The lattice parameters are found to bea55.488(1) Å, b
55.469(3) Å, andc57.790(3) Å.

ZFC and FC dc magnetization measurements in dep
dence on temperature and magnetic field were carried ou
a polycrystalline sample of La0.67Ca0.33Mn0.9Fe0.1O3 in a vi-
brating sample magnetometer in the temperature rang
3.8–300 K and the field range of 80 kOe. All measureme
were carried out on compacted powder samples. Compac
ensures that rotation of the crystallites does not take plac
ZFC measurements the sample was cooled from room t
perature to 3.8 K in zero field. A field of 100/3000 Oe w
applied at 3.8 K, and then the ZFC magnetization meas
ments were carried out in the heating cycle. For the FC c
on the other hand, the sample was first cooled from ro
temperature to 3.8 K in the presence of 100/3000 Oe fi
~the measuring field used afterwards!. The measurement
were then carried out~keeping the field on! in the heating
cycle, as in the ZFC case.

Neutron-depolarization study, a good tool to probe
magnetic inhomogeneity on a mesoscopic length scale,27–31

was carried out using the neutron-polarization analysis sp
trometer~PAS! at Dhruva reactor, Trombay (l51.205 Å).
The detailed description of the spectrometer has been g
in earlier papers.32,33The temperature of the sample was va
ied between 15 and 300 K in a closed-cycle helium refr
erator and controlled to better than 0.1 K. The on
dimensional neutron-depolarization measurements w
carried out in the heating cycle in presence of 10 Oe exte
field after cooling the sample in the same field of 10 Oe fr
300 to 15 K. The incident neutron beam was polarized alo
the 2z direction ~vertically down! with a beam polarization
of 98.60~1!%. The transmitted neutron beam polarizati
was measured along the1z direction as described in detail i
an earlier paper.32 The powder sample used for the depola
ization study was in the form of a pellet of cylindrical d
mension. The sample was placed in the neutron beam in
a way that its plane surface~xz! remains perpendicular to th
propagation direction~y! of the polarized neutron beam. Th
beam passed through an effective sample thickness of 6
The beam size was restricted with a cadmium slit, which
within the size of the sample. The external magnetic field
10 Oe ~on the sample! was applied parallel to the inciden
neutron beam polarization direction (2z) using a small elec-
tromagnet.

The unpolarized neutron-diffraction patterns were
corded at 15, 125, and 300 K on the PAS in its unpolariz
mode over the lower 2u angular range of;12°–33° where
magnetic Bragg scattering intensities are predominantly
pected~if any!. The temperature variation of diffracted inte
sity at the peak positions of the~110! and~002! Bragg peaks
was studied from 15 to 150 K. The diffraction measureme
were carried out on the polycrystalline sample with no ext
nal magnetic field.

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS

Figure 1 shows the temperature dependence of the
and FC magnetization at 100 and 3000 Oe. Irreversibi
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between the ZFC and FC magnetization curves is cle
seen at low temperatures. The irreversibility decreases w
the increase of field value as reported by Caiet al.,18 and
found to persist even under a field of 3000 Oe. The ZFC d
show a broad maximum around 80 K at 100 Oe field.
down turn in the FC curve at any temperature is foun
which indicates that there is no loss of magnetization at l
temperatures~down to 3.8 K! even at low applied fields. If
the transition temperature is taken as the inflection poin
the magnetization vsT curve, the magnetic ordering tem
perature clearly increases as the applied magnetic field
creases similar to what was reported in Ref. 11.

Figure 2 shows the magnetic hysteresis loop recorde
3.8 K. It is clearly seen that the saturation of magnetization
not achieved even under 80 kOe field. The value of mag
tization at 3.8 K under 80 kOe field is found to be 54
emu g21 (;2.0mB per Mn/Fe site!. This value of moment is
appreciably below the expected free ion value
57%Mn31, 33%Mn41, and 10%Fe31. The inset in Fig. 2,
depicting the low-field magnetization data over65 kOe at

FIG. 1. Magnetization vs temperature measured during warm
in applied fields of 100 and 3000 Oe, after the sample had b
zero-field cooled~ZFC! or field-cooled~FC!, respectively.

FIG. 2. Hysteresis loop recorded at 3.8 K. The inset enlarges
low field range of65 kOe.
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3.8 K, shows the presence of hysteresis with a low coerc
field of Hc;350 Oe. From this curve, a magnetization
about 35 emu g21 at technical saturation can be estimated

Figure 3 shows neutron powder diffraction patterns
corded at 125 and 15 K~well above and below the magnet
ordering temperature of 108 K, obtained from the neut
depolarization study!. At 15 K, no extra Bragg intensity to
the nuclear~fundamental! peaks is observed as compared
the 125 K pattern. The neutron diffraction data recorded
15 K were analyzed by the Rietveld method using theFULL-

PROFprogram.34 The refinement shows no ferromagnetic o
dered magnetic moment present in the compound. It ma
stressed that no additional Bragg peaks are also found,
cating the absence of any other long-range-ordered mag
phase~antiferromagnetic, spiral, etc.! in this compound. It is
estimated using theFULLPROF program that an ordered mo
ment of;0.6mB per ~Mn/Fe! site sets the lower limit of the
measurable ordered moment using the present neu
diffraction technique. The absence of a magnetic contri
tion to the ~110! and ~002! nuclear Bragg peaks is eviden
from the inset shown in Fig. 3.

Before presenting the experimental results of our neutr
depolarization study, we briefly recall the theory of neutr
depolarization in various magnetic systems.27,28,30 Neutron
depolarization is a mesoscopic probe. It can measure the
tial magnetic inhomogeneity on a length scale, say, from
Å to several microns. In an unsaturated ferromagnet or
rimagnet, the magnetic domains exert a dipolar field on
neutron polarization and depolarize the neutrons owing
the Larmor precession of the neutron spins in the magn
field of domains. As the neutron depolarization techniq
probes the magnetic inhomogeneity on a mesoscopic le
scale, a magnetic inhomogeneity on an atomic scale—a
true spin-glass state—has no effect on the neutron pola
tion. In a true spin-glass phase, the spins are randomly fro
in space on a microscopic length scale and, as a result
magnetic induction averages out to zero on a mesosc

FIG. 3. Neutron diffraction patterns at 125 K~crosses! and 15 K
~solid circles! recorded over the lower angular range of;12–33°
where magnetic Bragg scattering intensities are predominantly
pected~if any!. The hkl values are marked above the respect
scattering angles. The solid line represents the calculated pa
only with nuclear scattering. The inset shows the combined p
intensity of~110! and~002! Bragg peaks as a function of temper
ture.
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length scale. Hence no depolarization is found in true sp
glass systems. Similarly no depolarization is expected in
paramagnetic state because the temporal spin fluctuatio
too fast (10212s or faster! for the neutron polarization to
follow the variation in the magnetic fieldB acting on the
moving thermal neutrons. However, one would expect de
larization for the case of clusters of spins~at least of meso-
scopic length scale! with net moments. The advantages
neutron depolarization technique are that the domain
information can be obtained~as an average over the enti
sample!, and there are essentially no resolution restrictio
on the size of the domains, which can be measured.

The temperature dependence of the transmitted neu
beam polarizationP for an applied field of 10 Oe is depicte
in Fig. 4. The procedure of obtainingP values from the
measured flipping ratios for the transmitted polarized be
is described elsewhere.32 P shows a continuous decreas
right from 108 K and the tendency to attain a constant va
below about 20 K. AtT.108 K, the value ofP is the same
as the incident beam polarization. This implies that t
sample is in its paramagnetic phase above 108 K where
change of neutron polarization is expected. The magn
ordering temperature for this sample is thus estimated to
108 K. The presence of domains or clusters of spins with
magnetic moments is confirmed from the occurrence of s
nificant depolarization down to 15 K, the lowest temperatu
of measurement. From the observed depolarization an
mate of the average size of domains/clusters was made u
the expression27,29

Pf5Pi expF2aS d

d D ^Fd&
2G , ~1!

wherePi and Pf are the initial and final neutron beam po
larization,a is a dimensionless parameter' 1

3 , d(56 mm) is
the effective thickness of the sample,d is the average domain
size, andFd5(4.63310210G21 Å 22)ldB the precession
angle. The internal mean inductionB(G)54pMSr within a
domain at low temperature was estimated from the b
magnetization measurements. HereMS is the spontaneous
magnetization in emu g21 andr is the density of the materia
in g cm23. The magnetization value of 35 emu g21, obtained
from the technical saturation of magnetization at 3.8 K, c
be used for a first estimate ofB. The meanB of ;2600 G is

x-

rn
k

FIG. 4. Temperature dependence of the transmitted neu
beam polarizationP, measured at 10 Oe applied field.
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obtained using the average sample density of 5.95 g cm23.
Equation~1! is valid with the assumption that the Larmo
precession angle of the neutron spin due to the internal m
netic fields of the sample is a small fraction of 2p over a
typical domain/cluster length. The value ofFd for a 1.205 Å
neutron in a 10mm Fe domain (B;20 kG) is;1.1 rad. In
the compound we are studying, the value ofB is only ;2600
G and allows Eq.~1! to be valid up to large domain sizes o
about 100mm. Using the above expression, as used in
literature,35 an average domain/cluster size of;0.4 mm is
obtained at 20 K. The estimate of the domain size could
improved by measuring the wavelength dependence of tr
mitted neutron beam polarizationP(l).28,29 Another factor,
which probably introduces an error to the estimated value
d is the internal mean inductionB. In a well-behaved ferro-
magnet,B is well represented by the saturation magneti
tion. However, in systems where spins are canted, the
plied field may suppress the domain walls but it cou
simultaneously align the spins on a microscopic length sc
so thatB increases with the applied field. This effect is r
vealed, for our sample, by the increasing magnetization m
sured in high fields~Fig. 2!. Magnetization shows a kne
around 2.6 kOe, which locates the onset of technical sat
tion and is attributed to the suppression of the Bloch wa
The microscopic spin alignment is clearly evident above
kOe by the residual slope of the technical saturation plat
up to 80 kOe. The magnetization at technical saturation g
an overestimatedB. This is reflected by the fact that a spo
taneous magnetization of 35 emu g21 (;1.3mB per Mn/Fe
site! should be clearly visible in the neutron diffraction da
which is not the case. It is, therefore, evident that the ac
spontaneous magnetization of the compound is lower. S
the field-cooled magnetization corresponds to the magne
tion at thermodynamic equilibrium state, Abdul-Razzac a
Kouvel36 deduced a value of the spontaneous magnetiza
in some reentrant spin-glass system by cooling the sam
from above the ordering temperature in several applied fie
and extrapolating to zero value of the cooling field. It w
found that the obtainedMS was considerably lower than th
magnetization measured at the onset of technical satura
We have also estimatedMS following this method and ob-
tained a value of 1565 emu g21. The corresponding low
magnetic moment of 0.56mB per Mn/Fe site is below the
detection limit of the neutron diffraction experiment. Th
estimate of the average domain size, thus, gives 2mm. Fur-
ther sources of uncertainty in the domain size cannot
ruled out now:~i! The calculation ofB is done assuming a
homogeneous magnetic state. However, a phase segreg
in the present system, as observed in other perovskites37,38

cannot be ruled out. If the ferromagnetic domains repres
only a certain volume percentage of the sample, the estim
of B will again be influenced.~ii ! Inaccuracy~if any! arising
from the assumption of the presence of only one type
domain size can be handled by performing the wavelen
dependence of the neutron depolarization.28,29 ~iii ! Further
uncertainty in thed value could arise from the assumptio
of the domain structure model used here, and a full thr
dimensional polarization analysis30 would be useful in this
regard. It seems that model-dependent corrections will
g-
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crease the derived domain size. Hence, the obtained dom
size of about 2mm is expected to reflect the correct order
magnitude.

Depolarization data do not reveal any transition at lo
temperature~around 42 K!. No evidence of breakdown o
domain structure at low temperatures~which results in a re-
covery of the transmitted neutron beam polarizationP ~Ref.
29! is found. The temperature dependence ofP is typical for
a system with ferromagnetic domains. For instance,
wavelength dependence study ofP(l) at various tempera-
tures in Ref. 29 showed that the observed temperature va
tion of polarization with decreasing temperature comes fr
the thermal increase of the mean induction within a dom
and that the domain size is temperature independent. For
sample, the temperature dependence ofP is correlated with
the temperature dependence of the magnetization at tech
saturation,MS* , like ln@Pf(T)/Pi#5F@MS* (T)#2, with a con-
stant factorF. A deviation from this behavior only appear
above 90 K, near the magnetic ordering temperature, wh
the ratio ofMS /MS* will be increasingly larger. Referring to
Eq. ~1!, this result indicates a temperature-independent
main size.

IV. DISCUSSION

Our depolarization study confirms that domains with n
magnetic moments exist in the La0.67Ca0.33Mn0.9Fe0.1O3 per-
ovskite compound. The domains are found to be quite la
~;2 mm!. However, the neutron diffraction study does n
show the presence of any magnetic Bragg intensity. It
therefore suggested that the spins are highly canted in
compound.39 The possibility of uniform canting of spins i
ruled out from the absence of any observed magnetic Br
peak intensity. The canting of Mn/Fe site moments is, the
fore, assumed to be random~local! from site to site so that
the ordered component of moments that gives a long-ra
ferromagnetic ordering over the domain is quite less in m
nitude (,0.6mB per Mn/Fe site!. Since Fe31 replaces Mn31,
doping with Fe reduces the Mn31/Mn41 ratio. In the electron
hopping mechanism between the Mn31 and Mn41 only the
Mn eg ~up! electron ~responsible for the double-exchang
mechanism! is active. The Feeg ~up! band is completely
filled and electron hopping from Mn31 to Fe31 is forbidden.
Thus the doping of Fe at the Mn site reduces the numbe
available hopping sites and suppresses the double excha
resulting in the reduction of ferromagnetic exchange, a
metallic conduction. The antiferromagnetic superexcha
interaction prevails between Fe31 and its neighboring Mn31

or Mn41 or Fe31 ~if there is any! along with coexisting
t2g~Mn!-2pp~O!-t2g~Mn! antiferromagnetic interactions
These antiferromagnetic interactions compete with coex
ing ferromagnetic interactions. It is highly probable that t
random substitutions of Mn31 with Fe31 lead to a random-
ness of the signs of the local exchange coupling~ferromag-
netic or antiferromagnetic! being responsible for the random
~local! canted spin canting in the present compound. T
continuous drop of the transmitted neutron beam polariza
P right from 108 K down to about 20 K~below which tem-
peratureP shows a tendency to attain almost a const
value! indicates no breakdown of domain structure at a
temperature below the ordering temperature~5108 K!. Fur-
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thermore, the smooth variation ofP rules out any abrup
change in the magnetic ordering process as a function
temperature. We have estimated the ordering tempera
~;108 K! from the low-field depolarization study as it varie
with the applied magnetic fields in the magnetization m
surements~Fig. 1!, similar to what was reported by Pissa
et al.11 for the La0.75Ca0.25Mn0.98Fe0.02O3 compound that
shows a ferromagnetic cluster behavior~with a size distribu-
tion! in the Mössbauer spectroscopy experiment.11

The observed irreversibility between the ZFC and
magnetization curves~Fig. 1 and Ref. 18!, as well as the
characteristic dependency of ac susceptibility on freque
and amplitude of the ac field18 seem to indicate the kineti
freezing of these domains of randomly canted spins, wh
strongly depends upon the cooling process of the sam
Some of us have shown~in a different class of systems! that
all the features in ac susceptibility, ZFC, and FC magnet
tion that are mimics to a spin-glass phase transition can
cur from kinetic freezing of magnetic domains.22,23,40 The
nonsaturation behavior of magnetization, reduced magne
tion, irreversibility between the ZFC and FC magnetizati
curves, the field-dependent branching temperature
ZFC-FC magnetization, etc., support the presence of a ca
spin state. The broad peak in ZFC magnetization has pr
ously been observed in many other types of systems22,23,40,41

and explained in the following way. Owing to reduced sp
fluctuations, a higher value of magnetization is expected
lower temperatures. If magnetic hardness also show
higher value at lower temperatures these two will have
posite effects on the temperature dependence of magne
tion. This can produce a peak in the ZFC curve with the p
temperature shifting to a lower value as the applied magn
field increases.

It seems worth mentioning that the low net magnetic m
s
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ment observed for the ferromagnetic domains
La0.67Ca0.33Mn0.9Fe0.1O3 indicates the proximity of a critica
Fe concentration where ferromagnetic long-range order
vanish. Neutron depolarization measurements would prov
a sensitive tool to determine the magnetic nature of sam
near such a critical concentration.

V. SUMMARY AND CONCLUSION

We have carried out magnetization, neutron diffractio
and neutron depolarization measurements in order to kn
the nature of the low-temperature magnetic state of polyc
talline La0.67Ca0.33Mn0.9Fe0.1O3 perovskite. The neutron dif-
fraction study does not show any ferromagnetic Bragg c
tribution to the nuclear peaks or extra Bragg peaks at
temperatures. However, the neutron depolarization st
confirms the presence of ferromagnetic domains with low
moments below the ordering temperature~5108 K!. The
substitution of Mn31 by Fe31 reduces the number of avai
able hopping sites for the Mneg ~up! electron and suppresse
the double exchange, resulting in the reduction of ferrom
netic exchange. Due to the competition of this ferromagne
exchange interaction with coexisting antiferromagnetic
perexchange interactions and the random substitution
Mn31 with Fe31, a randomly canted ferromagnetic pha
with very low net domain moment seems to occur.

ACKNOWLEDGMENTS

The authors are grateful to Dr. S. K. Sikka, Solid State
Spectroscopy Group, Bhabha Atomic Research Center,
his encouragement and keen interest in this work. K.
M.S., and K.-H.M. acknowledge financial support by DF
~SFB 422!.
-

s

.

.

g,

,

nd

s.

.

*Electronic address: smyusuf@apsara.barc.ernet.in
1S. Jin, T. H. Tiefel, M. McCormack, R. A. Fastnacht, R. Ramesh

and L. H. Chen, Science264, 413 ~1994!.
2R. V. Helmolt, J. Wecker, B. Holzapfel, L. Schultz, and K. Sam

wer, Phys. Rev. Lett.71, 2331~1993!.
3C. N. R. Rao, A. K. Cheetham, and R. Mahesh, Chem. Mater.8,

2421 ~1996!, and references therein.
4A. P. Ramirez, J. Phys.: Condens. Matter9, 8171 ~1997!, and

references therein.
5P. Schiffer, A. P. Ramirez, W. Bao, and S.-W. Cheong, Phy

Rev. Lett.75, 3336~1995!.
6B. Raveau, A. Maignan, C. Martin, and M. Hervieu, Chem

Mater.10, 2641~1998!.
7C. Zener, Phys. Rev.82, 403 ~1951!.
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