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Study of Fe-doped La12xCaxMnO3 „x.1/3… using Mössbauer spectroscopy
and neutron diffraction
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La2/3Ca1/3MnO3 doped with Fe were studied by Mo¨ssbauer spectroscopy and neutron powder diffraction.
The Mössbauer spectra~MS! reveal that Fe substitutes for Mn as Fe31 (S55/2) and is antiferromagnetically
coupled to the Mn host lattice. The magnetic behavior, from the neutron diffraction data, is that of a typical 3D
Heisenberg ferromagnet. The temperature evolution of the MS differs from that of the neutron data, especially
above 40 K. The data can be interpreted using a model based on an antiferromagnetic impurity in a ferromag-
netic host. In such a system, the ground state is inhomogeneous resulting in spin states with reduced spin and
the spin excitations are localized in the immediate neighborhood of the impurity atoms. Finally, atT'0.9Tc

the MS indicate the onset of charge localization.@S0163-1829~99!09101-8#
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I. INTRODUCTION

The discovery of ‘‘colossal’’ magnetoresistance~CMR! in
oxide films of the perovskite La0.67Ca0.33MnO3 class of com-
pounds by Jinet al.1 has recently attracted significant scie
tific attention. This effect appears at a temperature where
system undergoes a metal-insulator transition associated
the simultaneous appearance of ferromagnetic order.
physics of this phenomenon so far has been focused on
double exchange~DE! of carriers between the Mn31 and
Mn41 ions, the latter being created to balance the cha
deficit from the divalent Ca21 doping.2 Millis et al.3 have
suggested that DE alone cannot explain the dramatic cha
of the resistivity and they have shown that electron-phon
coupling arising from the Jahn-Teller distortion of the Mn31

ion is also necessary for the CMR effect.
Numerous investigations in this field indicate that t

magnetic transition is not a conventional second order tr
sition. Neutron scattering studies4 in the x51/3 compound
have shown a quasielastic magnetic component which
comes dominant at temperatures close toTc . This compo-
nent has been associated with electron localization on a s
length scale. Among the possible mechanisms for charge
calization is that of lattice distortions.3 Unusual spin relax-
ation dynamics were observed in the same system by m
spin relaxation measurements5 and were interpreted as aris
ing from variable-size spin clusters belowTc .

Ahn et al.6 studied the influence of iron dopingy in the
La12xCaxMn12yFeyO3 (y>0.08) compound. The simila
ionic radii of Fe31 and Mn31 mean that lattice distortion
effects of the substitution may be ignored, and the electro
structure can be studied. Using a simple energy band
gram they have shown that only the Mneg(up) band is
electronically active, where electron hopping between
Mn31 and Mn41 occurs. The Feeg(up) band is completely
filled and electron hopping from Mn31 to Fe31 is forbidden.
Since Fe31 replaces Mn31, doping with Fe reduces th
Mn31/Mn41 ratio, and reduces the number of available ho
PRB 590163-1829/99/59~2!/1263~9!/$15.00
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ping sites. Thus DE is suppressed, resulting in the reduc
of ferromagnetic exchange, and metallic conduction.

The nonparticipation of iron in the double exchange m
have consequences for Mo¨ssbauer experiments. As the iro
does not share the same interactions as the manganese
there is a question whether it can give an accurate pictur
the Mn31/Mn41 host. In order to investigate further thi
problem we have studied the compound La2/3Ca1/3MnO3
doped with 1%57Fe. Preliminary results have been given
Refs. 7 and 8. Undoped, 1% and 2% Fe-doped samples w
also studied by neutron diffraction for comparison. The d
show that the Fe impurity is antiferromagnetically coupled
the ferromagnetic host. As such, it is a model system
theoretical investigations9–14 of this special magnetic con
figuration. Theoretical predictions, and the experimental d
on the temperature evolution of the spectra, indicate t
magnetic excitations, localized at the impurity atoms, play
important role.

II. EXPERIMENT

Two sets of iron-doped samples were prepared. The
set, used for Mo¨ssbauer measurements, contained 90%
riched 57Fe, and the second set, for neutron scattering s
ies, natural iron. Four powder samples with nominal com
sition La12xCaxMn12yAyO3, @(A557Fe, x50.33, y50.01)
[FE1, (x50.34, y50.0)[N0, (A5Fe, x50.34, y50.01)
[N1, (A5Fe, x50.34, y50.02)[N2# were prepared by
solid state reaction of stoichiometric amounts of La2O3,
CaCO3, MnO2, and Fe2O3 at 1300 °C for 5 days with inter-
mediate grindings and reformation into pellets each tim
The x-ray powder diffraction data revealed single phase m
terials. The structural studies and the estimation of the lat
parameters were carried out using the Rietveld refinem
method ~assuming the orthorhombicPnma space group!.
The bulk magnetic moment measurements were perform
using a SQUID magnetometer~Quantum Design!. TheTc for
the N0, N1, N2, and FE1 samples were estimated from m
netic measurements@inflexion point in theM (T) curve# to be
267, 260, 250, and 228 K, respectively.
1263 ©1999 The American Physical Society
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1264 PRB 59A. SIMOPOULOSet al.
Absorption Mössbauer spectra~MS! were collected with a
57Co~Rh! source moving at room temperature~RT!, while
the absorbers were in a variable temperature cryo
equipped with a 65 kOe superconducting magnet, with
field perpendicular to the gamma-ray beam. The neut
powder diffraction~NPD! experiments were performed i
the flat-cone diffractometer E2 of the research reactor BE
in Berlin. The~002! reflection of a pyrolytic graphite mono
chromator with wavelengthl.2.4 Å was used. The sampl
was loaded into a vanadium holder and placed in a cryo
for temperature dependence measurements.

III. RESULTS AND DISCUSSION

A. Mössbauer data

Figure 1~a! shows the MS of the FE1 sample at 300 and
4.2 K in zero field. TheT5300 K spectrum consists of
single absorption line which was fitted with a quadrupo
doublet having isomer shiftd50.368(2) mm/s with respec
to a-Fe at RT and quadrupole splittingDEQ52«
50.184(3)mm/s. The isomer shift is typical of Fe31 ions
in octahedral coordination, while the small quadrupole sp
ting indicates a slight distortion of the octahedron. The 4.2
spectrum corroborates this result displaying a magnetic
tet with hyperfine parameters H5531.5(1) kOe,
d50.515(1) mm/s and«520.018(1) mm/s which are typi
cal for high spin (S55/2) trivalent Fe. From the value of«
@«5e2qQ(3 cos2 u21)/4# an angle of'59° is determined
between thez axis of the electric field gradient~EFG! and the
hyperfine magnetic field directionH.

The 4.2 K spectrum withHext560 kOe is shown in Fig.
1~c!. The intensities of the absorption lines have chang
from a 3:2:1 ratio at zero field to 3:4:1 showing that t
magnetic moments have been oriented parallel to the app

FIG. 1. Mössbauer spectra for the La0.67Ca33Mn0.99
57Fe0.01O3

sample at~a! RT and 4.2 K, together with the difference betwe
the experimental and the theoretical spectra~b! and ~c! at 4.2 K in
the presence of a 60 kOe magnetic field.
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magnetic field. The hyperfine field at the Fe nucleus h
increased by 60 kOe indicating that the spin of the Fe
orients antiparallel to the applied magnetic field, i.e., it
coupled antiferromagnetically to its Mn neighbors. This
due to the absence of the ferromagnetic DE interaction,
the absence of electron hopping to the Fe site, as note
Ahn et al.6 Leung et al.15 arrived at a similar conclusion in
their studies of the La12xPbxMn12yFeyO3 system with Fe
doping (0.03<y<0.17). The hyperfine parameters atT
5300 and 4.2 K obtained from the fitting procedure are su
marized in Table I. Figure 1 also shows that at 4.2 K there
a small spectral area which is not fitted with theH5531.5
kOe magnetic sextet, indicating iron sites with an avera
hyperfine field smaller than the saturation value of the m
jority of the Fe nuclei.

Figure 2 shows the MS taken at temperatures between
K and the transition temperatureTc

M—the temperature where
the MS is completely paramagnetic—for the FE1 samp
The temperatureTc

M5228 K coincides with the critical tem
perature determined by magnetization measurements.
spectra display an asymmetric line broadening at relativ
low temperatures~'40 K! which increases further as th
temperature increase. At temperatures above 78 K the
central lines protrude with an increasing tendency, and
about 210 K they collapse to a broad single line, which n
rows and dominates the spectrum as we approachTc . This is
distinctly different to the temperature evolution of the MS
the La0.75Ca0.25Mn0.98Fe0.02O3 sample,7 where the asymmet
ric broadening is not as pronounced, and at 78 K the sp
trum shows two small peaks between lines 3 and 4, and
the temperature increases these peaks merge and give a
magnetic unresolved doublet. It should be noted that l
broadening of the Mo¨ssbauer spectra at elevated temperat
has been observed in all the studies reported so far for
doped La manganites.15–17

Mössbauer spectroscopy, in the ferromagnetic state, m
sures the hyperfine fieldHeff(T) ~via the line splitting! which
probes the spontaneous magnetizationM (T) of the ferro-
magnetic phase at the iron sites. For a typical isotropic
romagnet, such asa-Fe, the MS below the critical tempera
ture consist of a sextet with narrow Lorentzian lines. As t
temperature increases from zero, the Zeeman splitting

TABLE I. Experimental values of the half linewidthG/2 in
mm/s, the isomer shiftd relative to metallic Fe at RT in mm/s,« in
mm/s, the hyperfine magnetic fieldH in kOe, as obtained from leas
squares fits of the Mo¨ssbauer spectra of th
La0.67Ca0.33Mn0.99Fe0.01O3 sample.« denotes the eigenvalues of th
Hamiltonian of the quadrupole interaction or of the quadrupole p
turbation that are given by the relations«5(1/4)e2qQ(1
1h2/3)1/2 and «5(1/8)e2qQ(3 cos2 u211hsin2u cos 2f) for the
paramagnetic and the magnetic case, respectively. The numbe
parentheses are estimated standard deviations referring to the
significant digit.~* !Hext560 kOe.~1! «.0 due to its integration
over the surface of a sphere.

T ~K! d « G/2 H u

300 0.368~2! 0.092~3! 0.174~1!

4.2 0.515~1! 20.018~1! 0.172~2! 531~1! 59°
4.2* 0.510~2! 20.000(2)1 0.171~2! 594~1!
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FIG. 2. Mössbauer spectra from 4.2 K to 180 K~a! and from 187.5 up to 225 K~b! for the La0.67Ca33Mn0.99
57Fe0.01O3 sample.
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creases while the line width remains constant up to the c
cal regime. Line broadening due to collective excitatio
~spin waves! is unobserved because the fluctuations ofS with
respect tôS&, in such a case are so fast~in comparison with
a Larmor frequency at a field of 200 kOef L553109 Hz!
that they average out. This is true in normal ferromagn
where the bottom of the spin wave branch is higher than
Mössbauer frequencies~except in the immediate vicinity o
Tc where very small critical effects have been observe!.
Based on the above discussion and the experimental re
the MS for FE1 sample do not display the behavior expec
for a typical ferromagnet.

Line broadening~in magnetically ordered systems! of MS
may be due to several reasons. The most common are ch
cal inhomogeneities~macroscopic and/or microscopic!, su-
perparamagnetic behavior due to small crystallite size, re
ation of spin clusters, spin glass behavior, and lo
environment effects. The case for inhomogeneities is nei
supported by the well defined 300 and 4.2 K spectra, nor
the coincidence of theTc with Tc

M . Similarly, in the case of
amorphous or spin glass magnetic systems we would ex
to observe broad magnetic MS forT,Tc , present down to
low temperatures (T/Tc→0), in contrast with the presen
MS. Paramagnetic relaxation is also excluded by elastic n
tron diffraction studies and bulk magnetization measu
i-
s
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ments on these samples which show long range order
ferromagnetic behavior. Exclusion of the above leaves
with local environment effects. A model based on an imp
rity that is antiferromagnetically coupled to a ferromagne
host, predicts low lying spin states which can reproduce
spectra observed. In the following a detailed analysis of
MS is undertaken.

At 4.2 K the MS display an intense~90%! well-defined
component and a weaker~;10%! broad spectral feature
which corresponds to smaller effective hyperfine magne
fields @see Fig. 1~b!#. There are two possible interpretation
for these features. The simpler explanation is to attrib
them to iron atoms withn iron atoms as nearest neighbor
The assumption is that the hyperfine field at a given Fe sit
reduced~or increased! by an amount proportional to th
number of Mn nearest neighbors and next near neighb
Supposing that the iron ions are homogeneously distribu
at the Mn sites, the probability for the iron ion to haven
(n51,2, . . . ,6)iron ions as nearest neighbors is given by t
binomial distribution, P(n,y)5@6!/(n!(62n)!) #yn(1
2y)62n, wherey is the percentage of iron in a formula uni
In our case we haveP(0,1%).94.1%, P(1,1%).5.7%,
and P(2,1%).0.2% for y51% iron doping. The experi-
mental spectrum area which does not belong to the sh
sextet is estimated to be.10% of the overall spectrum are
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1266 PRB 59A. SIMOPOULOSet al.
and could be attributed to Fe sites with one or two nea
neighbor iron ions. Although it is attractive to attribute th
small spectral area to configurations where iron has as
nearest neighbor one or two iron ions, such a distribut
would be temperature independent. In our spectra howe
the spectral area which is small at 4.2 K increases and
comes comparable in intensity with the major sextet at ab
100 K. Furthermore, the replacement of a Mn nearest ne
bor with Fe is expected to result in larger local hyperfi
fields, not as observed in this material.

A second interpretation of the weaker, broad spectr
component is that it is due to occupation by the iron
another spin state. This spin state represents a small de
of zero point oscillation of the iron moment. Such low lyin
spin states for the iron are created in systems such as
where an ion is weakly coupled to its neighbors. This pos
bility has been described thoroughly by Izyumov~Ref. 9!. In
the Appendix we give a short description of that theory a
applies to the present situation. Here we note just that
zero point oscillation disturbs the first neighbors and a
result the host atoms near the impurity have reduced
projections even in the ground state, producing thus
smaller hyperfine field. Thus there exist localized excitatio
i.e., states where the reduction of the total spin is localize
the vicinity of the impurity. An increase of this part of th
spectrum going from 40 up to 100 K is associated with
thermal population of such states, representing differ
magnitudes of the impurity spin, and as a consequenc
broad distribution ofHeff . Above 120 K complex configura
tions are occupied.

Following this theory, we modeled the MS with a discre
distribution ofHeff as a sum of sextets with Lorentzian lin
shape with the same line width, isomer shift, and quadrup
interaction. Figure 3 shows the resulting fit of the MS f
FE1 at 4.2, 50, 150, and 223 K using the discrete distribu
model. The effective hyperfine magnetic field distributio
extracted at each temperature are shown is Fig. 4. Figu
displays the variation of the most probable effective hyp
fine magnetic field with temperature. Also plotted are t
upper and lower interval ofHeff wherep(Heff) is different
from zero, and the ordered magnetic moment per ion as
estimated from neutron data. The most probable va
of p(Heff), which represent the majority of Fe atoms, do
not follow the average ordered moment. The same ho
for the upper limit ofHeff . TheHeff starts to decrease appr
ciably around 40 K. Similar behavior is observed
La0.75Ca0.25Mn0.98Fe0.02O3, although the reduction is slower7

In both samplesHeff falls below the variation of the magneti
moment of the host as a function of the temperature as
served by neutron diffraction measurements.

Clearly, at low temperature the iron spin has the ma
mum value~the spin deviation of the iron is small! and as the
temperature increases the localized states where (S53/2 and
S51/2) are thermally populated. As the temperature
creases further the distribution becomes broad. This unu
variation of the magnetic hyperfine field has been obser
by Tkatchuket al. in La0.83Sr0.17Mn0.98Fe0.02O3 and was ac-
counted for using a simple model proposed by Jacca
et al.,18 in agreement with the present treatment.

A third ~paramagnetic! component is necessary to fit th
spectra at and above 200 K. The hyperfine parameters of
st
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component are the same as those observed aboveTc . The
intensity of this component increases with temperature at
expense of the intensities of the magnetic components. S
lar behavior was observed in119Sn Mössbauer measuremen
in a 5% Sn doped sample.8 This result corroborates the con
clusion of Lynnet al.4 from the neutron data about the exi
tence of a high temperature paramagnetic phase.

The MS in the vicinity ofTc in a 60 kOe applied magneti
field are shown in Fig. 6. AtT.Tc the external magnetic
field produces a broad magnetic MS in the place of the pa
magnetic doublet. Similarly the external magnetic field s
nificantly reduces the paramagnetic component of the MS
T.Tc andT,Tc . The MS show the same phenomenon ne
Tc as neutron inelastic scattering studies where the quasie
tic component is associated with electron localization on
short length scale. If the itinerant electrons are localized,
system cannot gain energy from ferromagnetic orien
spins. So the long range correlation of the magnetic mome
tends to zero. It is worth mentioning that the particular b
havior of the MS nearTc is related to the first order nature o
the transition, as indicated by NMR studies.19

A last remark should be made. The overall picture of t
spectra~for T.100 K! is reminiscent of the superparama
netic behavior with unequal magnetization directi
probabilities.20 We can reproduce the MS using the spin r
laxation model developed by van der Woude and Dekke21

This model quite accurately reproduces the enhancemen

FIG. 3. Fit of the Mössbauer spectra fo
La0.67Ca33Mn0.99

57Fe0.01O3 sample at 4.2, 50, 150, and 223 K usin
a discrete distribution of hyperfine magnetic fields. All the subco
ponents have the same line width, isomer shift, and quadru
interaction.
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the two central lines of the spectra which appears in
intermediate temperature regime. In the fitting procedure
free parameters were the spin relaxation rateV, the order
parameterh, and the intensity of each of the two comp
nents, while the experimental linewidthG and the hyperfine
magnetic fieldH were kept constant to the values determin
from the ‘‘static’’ spectrum at 4.2 K. Two more paramete
in the fitting program are the quadrupole interactione, which
is also kept constant at its 4.2 K value, and the isomer s

FIG. 4. Distribution of hyperfine magnetic fields fo
La0.67Ca33Mn0.99

57Fe0.01O3 sample at 4.2, 50, 70, 150, 200, and 2
K as extracted from corresponding MS using a discrete distribu
of hyperfine magnetic fields.

FIG. 5. Variation of the most probable effective hyperfine ma
netic field ~peak value of the distribution! ~filled circles!, upper
limit of Heff(T) ~open squares!, lower limit of Heff(T) ~filled
squares! of the FE1 sample, and of the ordered magnetic mom
per ion for the N1 sample~open circles! as a function ofT/Tc .
e
e

d

ift

which was kept constant at each temperature to the v
deduced from its linear temperature relationship between
K and RT. The dynamic model reproduces accurately a
consistently the MS although it does not agree with the m
netization and neutron diffraction data which indicate a
Heisenberg ferromagnet behavior. This contradiction may
due to the fact that the Fe probe, which does not particip
in the double exchange mechanism of the Mn ions, does
follow the bulk magnetization of the system but rather w
ness the dynamic effects of its immediate environment. S
effects may be the localized excitations around the impu
or the charge fluctuations near the impurity, both being i
time scale comparable to the Mo¨ssbauer time window
(1027– 1028 sec!. Near 200 K charge localization sets
resulting in a paramagnetic phase which spreads fast in
system as the temperature increases. An alternative des
tion of the phenomena observed above 200 K is that
‘‘paramagnetic’’ phase is the result of regions with fast r
laxing magnetic moments (V.100 Mc!. Application of a
magnetic field of 60 kOe at higher temperatures results
slowing down the spin fluctuation rates significantly. T
paramagnetic component has disappeared in agreement
the neutron inelastic scattering data.4

B. Neutron diffraction data

The diffraction patterns were refined by Rietveld profi
analysis using theFULLPROFprogram,22 with the peak shapes
approximated by a pseudo-Voigt function. The results of
refinement aboveTc and at low temperatures are listed
Table II. The fitted neutron diffraction patterns fory50, 1,

n

-

t

FIG. 6. Mössbauer spectra of the FE1 sample in zero and
kOe applied magnetic field~a! at T.Tc ~b!, at T'Tc , and ~c! at
T,Tc .
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TABLE II. Refined fractional atomic positions, average Debye-Waller factors, unit cell parameters
site magnetic moment and reliability factors derived from neutron diffraction data for
La12xCaxMn12yFeyO3 (y50, 0.01, 0.02) samples measured withl52.397 Å. The space groupPnma~No.
62! was used. La, Ca, and O~1! occupy the 4c, (x, 1/4, z) sites, Mn the 4b (x, 0, 1/2) site and O~2! the
general 8d site. The numbers in parentheses are estimated standard deviations referring to the last sig
digit.

y50.0 y50.01 y50.02
T ~K! 275 2 280 20 260

a ~Å! 5.464~2! 5.450~1! 5.460~2! 5.452~2! 5.459~2!

b ~Å! 7.716~2! 7.697~2! 7.711~2! 7.691~2! 7.703~2!

c ~Å! 5.473~2! 5.461~2! 5.463~3! 5.454~2! 5.465~3!

La x 0.024~1! 0.0229~9! 0.025~9! 0.024~1! 0.026~1!

z 20.009~2! 20.011~2! 20.001~3! 20.011~3! 20.010~3!

B (Å2) 0.9 0.3~1! 0.9~1! 0.3~1! 0.8~1!

Mn B (Å2) 0.9 0.2~1! 0.6~1! 0.2~1! 0.5~1!

O~1! x 0.488~1! 0.491~2! 0.489~2! 0.491~2! 0.490~2!!

z 0.062~2! 0.063~2! 0.069~4! 0.063~2! 20.067~3!

B (Å2) 1.3 0.8~2! 1.5~1! 0.8~1! 1.4~1!

O~2! x 20.275~2! 20.275~2! 20.275~1! 20.273~3! 20.277~2!

y 20.032~1! 20.033~1! 20.029~2! 0.033~1! 20.032~1!

z 0.277~2! 0.276~1! 20.275~3! 0.279~2! 0.276~2!

B (Å2) 1.6 0.9~1! 1.5~1! 0.9~1! 1.4~2!

S (mB) 0 3.45~5! 0.00~6! 3.39~3! 0.02
Rwp 6.6 13.1 10.20 8.7 9.33
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and 2 % iron doping atT5200, 210, and 200 K, respec
tively, are shown in Fig. 7. Figure 8 displays the fitted ne
tron diffraction pattern fory51% sample at 2 K. The crysta
structure refinement was based on the space groupPnma
using as initial parameters these of XRD data. Except fr
the crystal structure parameters we included in the refi
ment the scale factor, the zero angle, and then-mixing pa-
rameter for the Lorentzian and Gaussian components in
pseudo-Voigt function. Since the monitor~total number of
counts collected at each temperature! is known, by assuming
that nearT;0 K the temperature factors are close to zero
estimation of the scale factor was done at 2 K. Correct
this scale factor for the unit cell expansion with temperat
we left theB factors as free parameters while keeping
scale factor constant. This method gives a reliable estima
of Bi and of the ordered magnetic moment. In addition to
crystal structure model we include a magnetic struct
model based on ferromagnetic interactions between nea
neighbor manganite ions. From the magnetic structure mo
we estimated the amplitude of the ordered magnetic mom
per manganese ion as a function of temperature. The va
tion of ordered magnetic moment for all the samples is p
ted in Fig. 9. As the iron doping level increases theTc sys-
tematically decreases and a broadening of the transition
the x52% sample is clearly observed. The static critic
behavior of the order parameter~spontaneous magnetization!
M (T) of a magnetic system is characterized by the criti
exponentb which is defined by the asymptotic relatio
M (T)/M (0)5B(12T/Tc)

b, T→Tc ~or t512T/Tc
-
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FIG. 7. Rietveld refinement plots of the neutron powder diffra
tion data obtained withl52.397 Å at the indicated temperature
for the samples La0.36Ca0.34Mn12yFeyO3: ~a! y50, ~b! y50.01,
and~c! y50.02. The solid line is the calculated profile and the b
below denote the allowed Bragg reflection positions. The differe
between the experimental and theoretical fits is also plotted.
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,1022). For temperatures not sufficiently close toTc the
asymptotic relation must be modified with a correction-
scaling term23

M ~T!/M ~0!5Btb@11Atb11O~ t2b1!#, ~1!

whereA is the correction-to-scaling amplitude andb1 is the
correction-to-scaling exponent. For static universality cl
(D53, n53), holds23 b50.365, andb150.550. Using Eq.
~1! we estimated the parametersb, A, andb1 via least square
fitting of the neutron data fory50, 1 and 2% samples. Th

FIG. 8. Rietveld refinement plot of the neutron powder diffra
tion data obtained with l51.217 Å at 2 K for the
La0.66Ca0.34Mn0.99Fe0.01O3 sample~N1!. The solid line is the calcu-
lated profile and the bars below denote the allowed Bragg reflec
positions. The difference between the experimental and theore
fits is also plotted. The excluded regions between 35–37 °
50.5–52.5 ° correspond to peaks due to the cryostat.

FIG. 9. Temperature dependence of the ordered magnetic
ment per ion derived from neutron diffraction measurements for
samples La0.66Ca0.34Mn12yFeyO3: ~a! y50, ~b! y50.01, and~c!
y50.02.
-

s
parameters fory51% are Tc.260 K, B50.7860.07, b
50.3860.01, b150.460.1 and A520.0360.01. These
parameters are close to those predicted from the univers
class of 3D Heisenberg Hamiltonian. At this point we mu
note that due to the limited number of data points the ab
parameters must be considered as indicative.

Figure 10 shows the temperature dependence of the s
angle part of the diffraction pattern, which consists of t
small angle intensity, the background and the incoher
nuclear contribution. The insets in Fig. 10 show the intens
at 2u54° as a function of temperature. For a simple ferr
magnet as we crossTc we expect a divergence of the sma
angle intensity due to the critical fluctuations, while belo
Tc the small angle intensity tends to zero. In our data
intensity does not go abruptly to zero belowTc , but within
25 K for x50 sample and in larger intervals forx51% and
2%. In addition, above the peak which coincides withTc , a
plateau is shown in agreement with the measurement
Teresaet al.24,25

A fitting of small angle intensity with a Lorentzian-typeq
dependence@ I 5I 0 /„q21(1/j)2

…# where j is the magnetic
correlation length gives forT.Tc , j>15 Å for the y
50.01 sample. The presence of non-negligible small-an
intensity above and belowTc probably implies the presenc

n
al
d

o-
e

FIG. 10. Neutron diffraction patterns in the small 2u region for
samples La0.66Ca0.34Mn12yFeyO3: ~a! y50, ~b! y50.01, and~c!
y50.02. The insets in the three panels are the scattered intensi
an angle of 2u54°, as a function of temperature, indicating th
existence of magnetic incoherent scattering around the trans
temperature.
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of magnetic clusters in this temperature region, in agreem
with the MS data. Finally, in Fig. 11 we show the presen
of diffuse scattering intensity at the region of the strong
magnetic peak at theTc for the three samples. This diffus
scattering intensity is reduced as temperature decreases
disappears only below 100 K. We can speculate that
diffuse intensity increases as the iron doping increases
the T/Tc ratio. The existence of diffuse intensity may b
originated from inhomogeneities or it is a fingerprint of ma
netic clusters forT,Tc .

IV. CONCLUSION

It is shown that the Fe moment is antiferromagnetica
coupled to the ferromagnetic Mn host. The Fe substitutes
Mn as Fe31 (S55/2). The variation ofHeff with temperature
differs markedly from the temperature dependence of the
erage ordered magnetic moment per ion deduced from
neutron data, which is that of a typical 3D Heisenberg fer
magnet. The temperature variation of the magnetization
relates with the neutron data. Thus, we use a theore
model based on an antiferromagnetic impurity in a ferrom

FIG. 11. Neutron diffraction patterns at the bottom of the larg
magnetic peak at temperatures just above and far belowTc for
samples La0.66Ca0.34Mn12yFeyO3: ~a! y50, ~b! y50.01, and~c!
y50.02. The contribution from the sample holder and the cryos
for the same monitor, is also shown in panel~a!.
nt
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t

and
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or

v-
he
-
r-
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netic host which predicts the existence of localized exc
tions, increasingly populated with temperature, and ma
fested in the Mo¨ssbauer spectra as a broad distribution of
effective magnetic hyperfine field. NearTc charge localiza-
tion comes into play as it is revealed from the presence o
paramagnetic or fast relaxing component in the MS. T
neutron diffraction data for the iron doped samples are si
lar to those of the undoped compound.
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APPENDIX: ANTIFERROMAGNETICALLY COUPLED
IMPURITY IN A FERROMAGNETIC HOST

At low temperatures iron is mainly in Fe31 S55/2 state
and is coupled antiferromagnetically with the ferromagne
mixed valence host. We summarize below the important
sults of the relevant theory as it was presented in the pas
Izyumov and Medvedev in Ref. 9. The exchange Ham
tonian describing the system is

H52J/2(
LÞ0

(
L1L0Þ0

S~L !–S~L1L0!

1uJ8u (
L0

S~0!•S~L0!. ~A1!

The sum overL means a sum over all the crystal and the s
over L0 is a sum over the six vectors which connect t
impurity atom with its six nearest neighbors. In the classi
approach in which the spin vectorsS(L ) are regarded as
classical numbers, the energy minimum of the energy co
sponds to a state in which the spin of the impurity atom
aligned antiparallel to the completely ordered spins of
host crystal. Thez projection of the total spin of the system
will be S05(N21)S2S8, for a lattice with N sites. The
quantum mechanical determination of the ground state~and
exited states also! of the system described by the Ham
tonian of Eq.~A1! is a very difficult problem. Since the tota
spin of the system commutes with the exchange Hamilton
the eigenergies should be labeled by thez projections of the
total spinS0. The spectrum of the possible valuesŜz5( i Ŝi

z

are:Smax
0 5(N21)S1S8, Smax

0 21, Smax
0 22, . . . . WhenJ8.0

the ground state is this with maximum eigenvalue of theŜz ,
namely theSmax

0 . If J8,0 we must calculate the energy o
the system in states with differentz projections of the total
spin S0 and select those with the lowest energy. The wa
functions of the system in question corresponding to
states with thez projections of the total spinSmax

0 , Smax
0 21,

Smax
0 22, . . . will be denoted byC0 ,C1 ,C2 , . . . , respec-

tively, and the corresponding eigenenergies will be labe
asE0 , E1 , E2 , . . . .

Parkinson worked out13 the most simpler case whereS8
51/2 andS51/2. In this case the ground state belongs in

t

t,
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the manifold ofC1 states. In the weak coupling limit (J8/J
→20) the ground state is the pure Ne`el state
(^C1uSn

zuC1&51/2 for nÞ0 and 21/2 for n50). In the
strong coupling limit (J8/J→2`) the spin at the impurity
site differs greatly from21/2 and the reduction of the spin i
the nearest neighbor host sites differs significantly from z
(^C1uSn

zuC1&50.476 for nÞ0 and 20.36 for n50). We
must note that the reduction of the host spin is not confi
only at the nearest neighbor but in all the crystal, with
magnitude which decreases exponentially with distance f
the impurity. In the case of an arbitrary impurity spinS8 the
ground state of the system should be sought in the spec
of many-particle deviations from the stateC0 characterized
by exactly parallel spins. Problems of this kind are very d
ficult to solve. However, when the ground state of a crys
for J8,0 is close to the Ne´el state~or uJ8u/J→0) the cor-
rections can be found by the spin-wave method in which
operators of the spin deviations from the Ne´el state are in-
troduced. We shall assume that the true ground state o
quantum Hamiltonian has the same value of thez projection
of the total spin. However since zero-point oscillations a
v.
o

d

m

m

-
l

e

he

-

pear unavoidably in a system with oppositely oriented sp
and since these oscillations result in a reduction of the sp
~more accurately in a reduction of their projections onto
direction of the spontaneous moment! the ground state
should beinhomogeneous.This is due to the fact that thez
projection of the total spin of the system is conserved
cause its operator commutes with the exchange Hamilton
Therefore, if the projection of the impurity spin becom
shorter under the influence of the exchange interaction
shortening should be compensated by the reduction in
projections of the spins in the host crystal~the Sz5( iSi is a
conserved quantity!. Hence, whenN→` the ground state of
the system should be inhomogeneous.

For J8,0 the theory arrives to the following conclusion
relevant to the present results:~a! The ground state of the
system is inhomogeneous resulting in spin states with
duced spin.~b! There are spin excitations which are localiz
at the impurity atom and its immediate environment. So
of these excitations can reduce the spontaneous momen
unity and they are located within the quasicontinuous ex
tation band~i.e., they are low-lying in energy!.
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