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La,sCa,;sMnO; doped with Fe were studied by sbauer spectroscopy and neutron powder diffraction.
The Mdssbauer spectrdMS) reveal that Fe substitutes for Mn as’FgS=5/2) 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. Findlk,0e8T
the MS indicate the onset of charge localizatif®0163-182€09)09101-9

[. INTRODUCTION ping sites. Thus DE is suppressed, resulting in the reduction
of ferromagnetic exchange, and metallic conduction.
The discovery of “colossal” magnetoresistan@MR) in The nonparticipation of iron in the double exchange may

oxide films of the perovskite Lg.Ca, sMnO; class of com- have consequences for"Is'B_:bauer gxperiments. As the ironl
pounds by Jiret al® has recently attracted significant scien- 40€S not sharet.the Sr?”t‘ﬁ |n'tteract|o_ns as the mapgan(fse |ofns
tific attention. This effect appears at a temperature where th ere 15 a question whether It can give an accurate picire o

system undergoes a metal-insulator transition associated wiff Mr>*/Mn®" host. In order to investigate further this
yster 9 ) oblem we have studied the compound,@a;,sMnO;
the simultaneous appearance of ferromagnetic order. T

X , oped with 1%°’Fe. Preliminary results have been given in
physics of this phenomenon so far has been focused on th€xts 7 and s. Undoped, 1% and 2% Fe-doped samples were

double exchangé¢DE) of carriers between the Mn and  ai50 studied by neutron diffraction for comparison. The data

Mn** ions, the latter being created to balance the chargghow that the Fe impurity is antiferromagnetically coupled to

deficit from the divalent C& doping? Millis et al® have the ferromagnetic host. As such, it is a model system for

suggested that DE alone cannot explain the dramatic changBeoretical investigatiods'* of this special magnetic con-

of the resistivity and they have shown that electron-phonorfiguration. Theoretical predictions, and the experimental data

coupling arising from the Jahn-Teller distortion of the Mn  on the temperature evolution of the spectra, indicate that

ion is also necessary for the CMR effect. magnetic excitations, localized at the impurity atoms, play an
Numerous investigations in this field indicate that theimportant role.

magnetic transition is not a conventional second order tran-

sition. Neutron scattering studfem the x=1/3 compound

have shown a quasielastic magnetic component which be- Two sets of iron-doped samples were prepared. The first
comes dominant at temperatures closelto This compo-  set, used for Mssbauer measurements, contained 90% en-
nent has been associated with electron localization on a shatithed °’Fe, and the second set, for neutron scattering stud-
length scale. Among the possible mechanisms for charge Ides, natural iron. Four powder samples with nominal compo-
calization is that of lattice distortionsUnusual spin relax- ~ sition La _,CaMn; _,A,Os, [(A=5Fe, x=0.33,y=0.01)
ation dynamics were observed in the same system by muogFE1, (x=0.34,y=0.0)=N0, (A=Fe, x=0.34,y=0.01)

spin relaxation measuremehtand were interpreted as aris- =NT1, (A=Fe, x=0.34, y=0.02)=N2] were prepared by
ing from variable-size spin clusters beldlwy. solid state reaction of stoichiometric amounts of,Qg,

Ahn et al® studied the influence of iron dopingin the CaCQ, MnO,, and FgO; at 1300 °C for 5 days with inter-
La; ,CaMn;_ Fg O3 (y=0.08) compound. The similar mediate grindings and reformation into pellets each time.
ionic radii of Fé" and Mr** mean that lattice distortion The x-ray powder diffraction data revealed single phase ma-
effects of the substitution may be ignored, and the electronigerials. The structural studies and the estimation of the lattice
structure can be studied. Using a simple energy band digsarameters were carried out using the Rietveld refinement
gram they have shown that only the Me(up) band is  method (assuming the orthorhombiPnma space group
electronically active, where electron hopping between théThe bulk magnetic moment measurements were performed
Mn3* and Mrf* occurs. The Feg(up) band is completely  using a SQUID magnetometépuantum Desigh The T, for
filled and electron hopping from M to F€* is forbidden.  the NO, N1, N2, and FE1 samples were estimated from mag-
Since F&" replaces MA®, doping with Fe reduces the netic measuremenfmflexion point in theM (T) curve] to be
Mn3*/Mn** ratio, and reduces the number of available hop-267, 260, 250, and 228 K, respectively.

Il. EXPERIMENT
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FIG. 1. Massbauer spectra for the §8CaMng oo F&y 0103

sample at(a) RT and 4.2 K, together with the difference between

the experimental and the theoretical spe¢iaand(c) at 4.2 K in
the presence of a 60 kOe magnetic field.

Absorption Massbauer specti@S) were collected with a
5’Co(Rh) source moving at room temperatuf@T), while
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TABLE I. Experimental values of the half linewidth'/2 in
mm/s, the isomer shiff relative to metallic Fe at RT in mm/s,in
mm/s, the hyperfine magnetic fieitlin kOe, as obtained from least
squares fits of the Ngsbauer spectra of the
Lag Ca 3MNg od€ 0103 Sample.s denotes the eigenvalues of the
Hamiltonian of the quadrupole interaction or of the quadrupole per-
turbation that are given by the relations=(1/4)e’qQ(1
+ 7%13)*2 and £ = (1/8)e®qQ(3 cog §— 1+ 7sird cos 2p) for the
paramagnetic and the magnetic case, respectively. The numbers in
parentheses are estimated standard deviations referring to the last
significant digit.(x )H¢,=60 kOe.(+) e=0 due to its integration
over the surface of a sphere.

T (K) 13 € r/2 H 0
300 0.3682) 0.0923) 0.1741)
4.2 0.51%1) —0.0181) 0.1722) 531(1) 59°
4.2 051020 —0.000(2) 0.1712) 5941)

magnetic field. The hyperfine field at the Fe nucleus has
increased by 60 kOe indicating that the spin of the Fe ion
orients antiparallel to the applied magnetic field, i.e., it is
coupled antiferromagnetically to its Mn neighbors. This is
due to the absence of the ferromagnetic DE interaction, i.e.,
the absence of electron hopping to the Fe site, as noted by
Ahn et al® Leunget al® arrived at a similar conclusion in
their studies of the La ,PhMn,_,Feg 03 system with Fe
doping (0.03%<y=<0.17). The hyperfine parameters &t

the absorbers were in a variable temperature cryostat 300 and 4.2 K obtained from the fitting procedure are sum-
equipped with a 65 kOe superconducting magnet, with thenarized in Table I. Figure 1 also shows that at 4.2 K there is
field perpendicular to the gamma-ray beam. The neutrom small spectral area which is not fitted with tHe=531.5
powder diffraction(NPD) experiments were performed in kOe magnetic sextet, indicating iron sites with an average
the flat-cone diffractometer E2 of the research reactor BERIhyperfine field smaller than the saturation value of the ma-
in Berlin. The(002) reflection of a pyrolytic graphite mono- jority of the Fe nuclei.
chromator with wavelength=2.4 A was used. The sample Figure 2 shows the MS taken at temperatures between 4.2
was loaded into a vanadium holder and placed in a cryostat and the transition temperatufé’'—the temperature where
for temperature dependence measurements. the MS is completely paramagnetic—for the FE1 sample.
The temperatur@ =228 K coincides with the critical tem-
perature determined by magnetization measurements. The
spectra display an asymmetric line broadening at relatively
low temperatureg~40 K) which increases further as the
temperature increase. At temperatures above 78 K the two
Figure Xa) shows the MS of the FE1 sample at 300 and atcentral lines protrude with an increasing tendency, and at
4.2 K in zero field. TheT=300 K spectrum consists of a about 210 K they collapse to a broad single line, which nar-
single absorption line which was fitted with a quadrupolerows and dominates the spectrum as we apprdaclhis is
doublet having isomer shii#=0.368(2) mm/s with respect distinctly different to the temperature evolution of the MS of
to o-Fe at RT and quadrupole splitingA\Eq=2¢  the La;:Cay ,dMNg o & 0403 Sample’, where the asymmet-
=0.184(3)mm/s. The isomer shift is typical of Be ions  ric broadening is not as pronounced, and at 78 K the spec-
in octahedral coordination, while the small quadrupole splittrum shows two small peaks between lines 3 and 4, and as
ting indicates a slight distortion of the octahedron. The 4.2 Kthe temperature increases these peaks merge and give a para-
spectrum corroborates this result displaying a magnetic sexmnagnetic unresolved doublet. It should be noted that line
tet with hyperfine parametersH=531.5(1) kOe, broadening of the Mesbauer spectra at elevated temperature

IIl. RESULTS AND DISCUSSION

A. Mossbauer data

6=0.515(1) mm/s and=—0.018(1) mm/s which are typi-
cal for high spin §=5/2) trivalent Fe. From the value ef
[e=e?qQ(3 cog #—1)/4] an angle of=~59° is determined
between the axis of the electric field gradiefEFG) and the
hyperfine magnetic field directioH.

The 4.2 K spectrum withH .,,= 60 kOe is shown in Fig.

has been observed in all the studies reported so far for Fe-
doped La manganités:t’

Mossbauer spectroscopy, in the ferromagnetic state, mea-
sures the hyperfine field .+(T) (via the line splitting which
probes the spontaneous magnetizatdT) of the ferro-
magnetic phase at the iron sites. For a typical isotropic fer-

1(c). The intensities of the absorption lines have changedomagnet, such as-Fe, the MS below the critical tempera-
from a 3:2:1 ratio at zero field to 3:4:1 showing that theture consist of a sextet with narrow Lorentzian lines. As the
magnetic moments have been oriented parallel to the applie@mperature increases from zero, the Zeeman splitting de-
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FIG. 2. Masshauer spectra from 4.2 K to 180(K) and from 187.5 up to 225 Kb) for the La 5/CasgMng o5 Féy 0,03 Sample.

creases while the line width remains constant up to the critiments on these samples which show long range order and
cal regime. Line broadening due to collective excitationsferromagnetic behavior. Exclusion of the above leaves us
(spin wavesis unobserved because the fluctuationS wfith with local environment effects. A model based on an impu-
respect taS), in such a case are so fdst comparison with  rity that is antiferromagnetically coupled to a ferromagnetic
a Larmor frequency at a field of 200 kJg=5X10° Hz)  host, predicts low lying spin states which can reproduce the
that they average out. This is true in normal ferromagnetspectra observed. In the following a detailed analysis of the
where the bottom of the spin wave branch is higher than théAS is undertaken.
Mossbauer frequenciggxcept in the immediate vicinity of At 4.2 K the MS display an intens@0%) well-defined
T. where very small critical effects have been obsefved component and a weakdr-10%) broad spectral feature
Based on the above discussion and the experimental resultghich corresponds to smaller effective hyperfine magnetic
the MS for FE1 sample do not display the behavior expectefields [see Fig. 1b)]. There are two possible interpretations
for a typical ferromagnet. for these features. The simpler explanation is to attribute
Line broadenindin magnetically ordered systejnsf MS ~ them to iron atoms wit iron atoms as nearest neighbors.
may be due to several reasons. The most common are chenTihe assumption is that the hyperfine field at a given Fe site is
cal inhomogeneitiegmacroscopic and/or microscopicsu-  reduced(or increasejl by an amount proportional to the
perparamagnetic behavior due to small crystallite size, relaxaumber of Mn nearest neighbors and next near neighbors.
ation of spin clusters, spin glass behavior, and localSupposing that the iron ions are homogeneously distributed
environment effects. The case for inhomogeneities is neithedit the Mn sites, the probability for the iron ion to hame
supported by the well defined 300 and 4.2 K spectra, nor byn=1,2, . .. ,6)iron ions as nearest neighbors is given by the
the coincidence of th&, with T¥ . Similarly, in the case of binomial distribution, P(n,y)=[6!/(n!(6—n)!)]y"(1
amorphous or spin glass magnetic systems we would expeety)®~", wherey is the percentage of iron in a formula unit.
to observe broad magnetic MS for<T., present down to In our case we havé(0,1%)=94.1%, P(1,1%)=5.7%,
low temperatures T/T.—0), in contrast with the present and P(2,1%)=0.2% fory=1% iron doping. The experi-
MS. Paramagnetic relaxation is also excluded by elastic neunental spectrum area which does not belong to the sharp
tron diffraction studies and bulk magnetization measuresextet is estimated to be10% of the overall spectrum area
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and could be attributed to Fe sites with one or two nearest
neighbor iron ions. Although it is attractive to attribute the
small spectral area to configurations where iron has as first
nearest neighbor one or two iron ions, such a distribution
would be temperature independent. In our spectra however,
the spectral area which is small at 4.2 K increases and be-
comes comparable in intensity with the major sextet at about
100 K. Furthermore, the replacement of a Mn nearest neigh-
bor with Fe is expected to result in larger local hyperfine
fields, not as observed in this material.

A second interpretation of the weaker, broad spectrum
component is that it is due to occupation by the iron of
another spin state. This spin state represents a small degree
of zero point oscillation of the iron moment. Such low lying
spin states for the iron are created in systems such as this
where an ion is weakly coupled to its neighbors. This possi-
bility has been described thoroughly by Izyum@&ef. 9. In
the Appendix we give a short description of that theory as it
applies to the present situation. Here we note just that the
zero point oscillation disturbs the first neighbors and as a
result the host atoms near the impurity have reduced spin
projections even in the ground state, producing thus a
smaller hyperfine field. Thus there exist localized excitations,
i.e., states where the reduction of the total spin is localized in
the vicinity of the impurity. An increase of this part of the
spectrum going from 40 up to 100 K is associated with the
thermal population of such states, representing different

s

A

8§ 4 0 4 8

. . . . Velocity (mm/sec)
magnitudes of the impurity spin, and as a consequence a
broad distribution oH ;. Above 120 K complex configura- FIG. 3. Fit of the Mesbauer spectra for
tions are occupied. Lag 6/CasMng o5 Fe&y 0105 sample at 4.2, 50, 150, and 223 K using

Following this theory, we modeled the MS with a discretea discrete distribution of hyperfine magnetic fields. All the subcom-
distribution of He as a sum of sextets with Lorentzian line ponents have the same line width, isomer shift, and quadrupole
shape with the same line width, isomer shift, and quadrupoléteraction.
interaction. Figure 3 shows the resulting fit of the MS for
FE1 at 4.2, 50, 150, and 223 K using the discrete distributioromponent are the same as those observed abgv&he
model. The effective hyperfine magnetic field distributionsintensity of this component increases with temperature at the
extracted at each temperature are shown is Fig. 4. Figure é&pense of the intensities of the magnetic components. Simi-
displays the variation of the most probable effective hyperdar behavior was observed i°Sn M@ssbauer measurements
fine magnetic field with temperature. Also plotted are thein a 5% Sn doped sampfeThis result corroborates the con-
upper and lower interval ofl; wherep(Hg) is different  clusion of Lynnet al? from the neutron data about the exis-
from zero, and the ordered magnetic moment per ion as it itence of a high temperature paramagnetic phase.
estimated from neutron data. The most probable value The MS in the vicinity ofT, in a 60 kOe applied magnetic
of p(Hex), which represent the majority of Fe atoms, doesfield are shown in Fig. 6. AT>T,. the external magnetic
not follow the average ordered moment. The same holdfield produces a broad magnetic MS in the place of the para-
for the upper limit ofH . TheH . starts to decrease appre- magnetic doublet. Similarly the external magnetic field sig-
ciably around 40 K. Similar behavior is observed in nificantly reduces the paramagnetic component of the MS for
Lag 7eCa »MNg o &,03, although the reduction is slowér. T=T.andT<T,. The MS show the same phenomenon near
In both samplesi o falls below the variation of the magnetic T, as neutron inelastic scattering studies where the quasielas-
moment of the host as a function of the temperature as oltic component is associated with electron localization on a
served by neutron diffraction measurements. short length scale. If the itinerant electrons are localized, the

Clearly, at low temperature the iron spin has the maxi-system cannot gain energy from ferromagnetic oriented
mum value(the spin deviation of the iron is smplind as the spins. So the long range correlation of the magnetic moments
temperature increases the localized states wigre3(2 and  tends to zero. It is worth mentioning that the particular be-
S=1/2) are thermally populated. As the temperature in-havior of the MS neal . is related to the first order nature of
creases further the distribution becomes broad. This unusugie transition, as indicated by NMR studfés.
variation of the magnetic hyperfine field has been observed A last remark should be made. The overall picture of the
by Tkatchuket al. in Lag g3Sry 1 Mng od-& 003 and was ac-  spectra(for T>100 K) is reminiscent of the superparamag-
counted for using a simple model proposed by Jaccarinmetic behavior with unequal magnetization direction
et al,'8 in agreement with the present treatment. probabilities?® We can reproduce the MS using the spin re-

A third (paramagneticcomponent is necessary to fit the laxation model developed by van der Woude and Dekker.
spectra at and above 200 K. The hyperfine parameters of thiBhis model quite accurately reproduces the enhancement of
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FIG. 6. Mcssbauer spectra of the FE1 sample in zero and 60
kOe applied magnetic fielth) at T>T. (b), at T~T,, and(c) at
<T,.

FIG. 4. Distribution of hyperfine magnetic fields for
Lag 5.CasaMng o9 'Fey 0/03 sample at 4.2, 50, 70, 150, 200, and 223
K as extracted from corresponding MS using a discrete distribution

of hyperfine magnetic fields. which was kept constant at each temperature to the value
deduced from its linear temperature relationship between 80
the two central lines of the spectra which appears in th& and RT. The dynamic model reproduces accurately and
intermediate temperature regime. In the fitting procedure theonsistently the MS although it does not agree with the mag-
free parameters were the spin relaxation @tethe order netization and neutron diffraction data which indicate a 3D
parametery, and the intensity of each of the two compo- Heisenberg ferromagnet behavior. This contradiction may be
nents, while the experimental linewidihand the hyperfine  due to the fact that the Fe probe, which does not participate
magnetic fieldH were kept constant to the values determinedin the double exchange mechanism of the Mn ions, does not
from the “static” spectrum at 4.2 K. Two more parameters follow the bulk magnetization of the system but rather wit-
in the fitting program are the quadrupole interacteomwhich  ness the dynamic effects of its immediate environment. Such
is also kept constant at its 4.2 K value, and the isomer shifgffects may be the localized excitations around the impurity
or the charge fluctuations near the impurity, both being in a
; . time scale comparable to the kbauer time window
] (1077-10"8 seq. Near 200 K charge localization sets in
resulting in a paramagnetic phase which spreads fast in the
system as the temperature increases. An alternative descrip-
tion of the phenomena observed above 200 K is that this
“paramagnetic” phase is the result of regions with fast re-
laxing magnetic moments(>100 Mg. Application of a
magnetic field of 60 kOe at higher temperatures results in
slowing down the spin fluctuation rates significantly. The
paramagnetic component has disappeared in agreement with
the neutron inelastic scattering d4ta.

=43
Neutron data
/ <4

Ordered magnetic moment {u ,}

=

T :
o | lower limit of p(I-Q .‘\-1L-‘—H 1
P | P 1 1

0.0 0.2 04 0.6 0.8 1.0 1.2 14
T/T, B. Neutron diffraction data

FIG. 5. Variation of the most probable effective hyperfine mag-  1he diffraction patterns were refined by Rietveld profile
netic field (peak value of the distribution(filled circles, upper ~ analysis using theuLLPROF program?? with the peak shapes
limit of Hex(T) (open squares lower limit of He(T) (filed — approximated by a pseudo-Voigt function. The results of the
squares of the FE1 sample, and of the ordered magnetic momentefinement abovél . and at low temperatures are listed in
per ion for the N1 sampléopen circles as a function ofT/T,. Table II. The fitted neutron diffraction patterns fpr=0, 1,
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TABLE Il. Refined fractional atomic positions, average Debye-Waller factors, unit cell parameters, Mn
site  magnetic moment and reliability factors derived from neutron diffraction data for the

La;_,CaMn;_,Fg0; (y=0, 0.01, 0.02) samples measured witk 2.397 A. The space groupnma(No.
62) was used. La, Ca, and(D occupy the 4, (x, 1/4,z) sites, Mn the & (x, 0, 1/2) site and (@) the

general & site. The numbers in parentheses are estimated standard deviations referring to the last significant

digit.
y=0.0 y=0.01 y=0.02

T (K) 275 2 280 20 260
a(Ah) 5.4642) 5.45Q1) 5.46Q2) 5.4522) 5.4592)
b (A) 7.7182) 7.6912) 7.7112) 7.6912) 7.7032)
c(R) 5.4732) 5.4612) 5.4633) 5.4542) 5.4653)
La x 0.0241) 0.02299) 0.0259) 0.0241) 0.0261)
z —0.0092) —0.0112) —0.0013) —0.0113) —0.0103)
B (A?) 0.9 0.31) 0.91) 0.31) 0.8(1)
Mn B (A?) 0.9 0.21) 0.6(2) 0.21) 0.51)
0O(1) x 0.4881) 0.4912) 0.4892) 0.4912) 0.4902))
z 0.0622) 0.0632) 0.0694) 0.0632) —0.0673)
B (A?% 1.3 0.82) 1.51) 0.8(1) 1.42)
0(2) x -0.2752) -0.2752) —0.27581) —0.2733) -0.27712)
y —0.0321) —0.0331) —0.0292) 0.0331) —0.0321)
z 0.2712) 0.2741) —0.2753) 0.2792) 0.2762)
B (A?) 1.6 0.92) 1.51) 0.91) 1.42)
S(ug) 0 3.455) 0.006) 3.393) 0.02
Rup 6.6 13.1 10.20 8.7 9.33

and 2 % iron doping aff=200, 210, and 200 K, respec- 10 AL

tively, are shown in Fig. 7. Figure 8 displays the fitted neu- 8 I y=2%, T=200K

tron diffraction pattern foy=1% sample at 2 K. The crystal 6F

structure refinement was based on the space gRuma 4r

using as initial parameters these of XRD data. Except from 2r

the crystal structure parameters we included in the refine- or 1

ment the scale factor, the zero angle, and rifraixing pa- 2 '2'0

rameter for the Lorentzian and Gaussian components in the = ——————r —————

pseudo-Voigt function. Since the monit@otal number of g ﬁ F b) E

counts collected at each temperajtiseknown, by assuming EE g Y17 T=210K

that neaiT~0 K the temperature factors are close to zero an % 6r

estimation of the scale factor was done at 2 K. Correcting ‘é ‘2‘ 3 JL

this scale factor for the unit cell expansion with temperature £ Lk A

we left the B factors as free parameters while keeping the S i e

scale factor constant. This method gives a reliable estimation . 2|° _ 4|° '

of B; and of the ordered magnetic moment. In addition to the 10 Fa)

crystal structure model we include a magnetic structure 8 Fy=0, 1200 K

model based on ferromagnetic interactions between nearest 6

neighbor manganite ions. From the magnetic structure model ‘r

we estimated the amplitude of the ordered magnetic moment 2 J 3

per manganese ion as a function of temperature. The varia- g o BT o e

tion of ordered magnetic moment for all the samples is plot-

40

ted in Fig. 9. As the iron doping level increases thesys- 26 (deg)

tematically decreases and a broadening of the transition for £ 7. Rietveld refinement plots of the neutron powder diffrac-
the x=2% sample is clearly observed. The static criticaljon data obtained with =2.397 A at the indicated temperatures
behavior of the order parametepontaneous magnetizatjon for the samples LgseCasMn; ,Fe,05: (8 y=0, (b) y=0.01,
M(T) of a magnetic system is characterized by the criticaland(c) y=0.02. The solid line is the calculated profile and the bars
exponentB which is defined by the asymptotic relation below denote the allowed Bragg reflection positions. The difference
M(T)/M(0)=B(1-T/T)?, T—T. (or t=1-T/T, between the experimental and theoretical fits is also plotted.
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FIG. 8. Rietveld refinement plot of the neutron powder diffrac-
tion data obtained withAa=1.217 A & 2 K for the
Lag gCa 34aMnNg od-€) 0103 sample(N1). The solid line is the calcu-
lated profile and the bars below denote the allowed Bragg reflection
positions. The difference between the experimental and theoretical
fits is also plotted. The excluded regions between 35-37° and
50.5-52.5 ° correspond to peaks due to the cryostat.

FIG. 10. Neutron diffraction patterns in the sma# 2egion for
<10 ?). For temperatures not sufficiently close To the  samples LageCay3Mn;_,Fe05: (@) y=0, (b) y=0.01, and(c)
asymptotic relation must be modified with a correction-to-y=0.02. The insets in the three panels are the scattered intensity, at
scaling term3 an angle of #=4°, as a function of temperature, indicating the

existence of magnetic incoherent scattering around the transition

M(T)/M(0)=BtP[ 1+ Ath1+ O(t?,1)], (1)  temperature.

whereA is the cor.rection—to—scaling ampllitude_aﬁq is_ the parameters foy=1% are T,=260 K, B=0.78+0.07, 3
correcuon—to—scalmg3 exponent. For static unlvergallty class.  3g+ 0.01, B,;=0.4+0.1 and A=—0.03-0.01. These
(D=3,n=3), hold$® 3= 0.365, and3,=0.550. Using EQ.  narameters are close to those predicted from the universality
(1) we estimated the parametg8sA, andp, via least square  ¢j5ss of 3D Heisenberg Hamiltonian. At this point we must
fitting of the neutron data foy=0, 1 and 2% samples. The e that due to the limited number of data points the above
parameters must be considered as indicative.

Figure 10 shows the temperature dependence of the small
angle part of the diffraction pattern, which consists of the
. small angle intensity, the background and the incoherent
nuclear contribution. The insets in Fig. 10 show the intensity
at 26=4° as a function of temperature. For a simple ferro-
magnet as we crosk; we expect a divergence of the small
angle intensity due to the critical fluctuations, while below
J T. the small angle intensity tends to zero. In our data the
intensity does not go abruptly to zero beldy, but within
25 K for x=0 sample and in larger intervals far=1% and

4 T T T T T v T T T T T T T

2+

—0— y=0.0
o y=0.01
—— y=0.02

<

L S(T)=B(T,-T) [1+A(T,-T)"]

Ordered magnetic moment per ion (iLp)

0

50

100

150

200
Temperature (K)

250

300

2%. In addition, above the peak which coincides with a
plateau is shown in agreement with the measurements of
Teresaet al?+%°

A fitting of small angle intensity with a Lorentzian-type

FIG. 9. Temperature dependence of the ordered magnetic m(SjeF)e”df?anEI =|o/(q'2+(1/§)2)] where ¢ is the magnetic
ment per ion derived from neutron diffraction measurements for theorrelation length gives fof>T,, ¢=15 A for the y
samples LggeCay3Mn;_FgO;: (@) y=0, (b) y=0.01, and(c)

y=0.02.

=0.01 sample. The presence of non-negligible small-angle
intensity above and beloW, probably implies the presence
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0.3

03

netic host which predicts the existence of localized excita-
tions, increasingly populated with temperature, and mani-
fested in the Mesbauer spectra as a broad distribution of the
effective magnetic hyperfine field. Nedg charge localiza-

02 : tion comes into play as it is revealed from the presence of a
paramagnetic or fast relaxing component in the MS. The
neutron diffraction data for the iron doped samples are simi-
lar to those of the undoped compound.

Mn,_  Fe

La, ¢,Ca, , Mn, ,Fe, .,

0.1 =
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3 o1 L APPENDIX: ANTIFERROMAGNETICALLY COUPLED
,.;3 0.3 IMPURITY IN A FERROMAGNETIC HOST
[

At low temperatures iron is mainly in B& S=5/2 state
and is coupled antiferromagnetically with the ferromagnetic
mixed valence host. We summarize below the important re-
sults of the relevant theory as it was presented in the past by
Izyumov and Medvedev in Ref. 9. The exchange Hamil-
tonian describing the system is

H=—J/22 2 S(L)-S(L+Lyg)
LF0 L+Ly#0
sample holder and cryostat

0.0||||||||||||||||||
10 20 2930 40 50

+J'] LE S(0)-S(Lo). (A1)
0

FIG. 11. Neutron diffraction patterns at the bottom of the largestThe sum ovet means a sum over all the crystal and the sum
magnetic peak at temperatures just above and far bdlpvior ~ over Ly is a sum over the six vectors which connect the
samples LggdCay 3Mn;_,FgO5: (8) y=0, (b) y=0.01, and(c) impurity atom with its six nearest neighbors. In the classical
y=0.02. The contribution from the sample holder and the cryostatapproach in which the spin vecto&L) are regarded as
for the same monitor, is also shown in pal@L classical numbers, the energy minimum of the energy corre-

sponds to a state in which the spin of the impurity atom is
of magnetic clusters in this temperature region, in agreemeniligned antiparallel to the completely ordered spins of the
with the MS data. Finally, in Fig. 11 we show the presencenost crystal. The projection of the total spin of the system
of diffuse scattering intensity at the region of the strongeswill be S°=(N—1)S—S', for a lattice withN sites. The
magnetic peak at th& for the three samples. This diffuse quantum mechanical determination of the ground staiel
scattering intensity is reduced as temperature decreases aggted states algoof the system described by the Hamil-
disappears only below 100 K. We can speculate that theonian of Eq.(Al) is a very difficult problem. Since the total
diffuse intensity increases as the iron doping increases fogpin of the system commutes with the exchange Hamiltonian
the T/T, ratio. The existence of diffuse intensity may be the eigenergies should be labeled by #rojections of the
originated from inhomogeneities or it is a fingerprint of mag-qt4 spinSP. The spectrum of the possible valuBs= Eisz

netic clusters folf <T.. are:s? =(N-1)3+8, ¢ _~1,0_~2, ....Whend'>0

the ground state is this with maximum eigenvalue of $he

namely thes%ax. If J’<0 we must calculate the energy of

It is shown that the Fe moment is antiferromagnetica”ythe SyStem in states with differeﬂtprOjeCtionS of the total
coupled to the ferromagnetic Mn host. The Fe substitutes fospin S° and select those with the lowest energy. The wave
Mn as Fé* (S=5/2). The variation oH . with temperature ~ functions of the system in question corresponding to the
differs markedly from the temperature dependence of the awstates with thez projections of the total SpiSp,.., Sta—1.
erage ordered magnetic moment per ion deduced from th82,—2, ... will be denoted by¥,,¥,,¥,, ..., respec-
neutron data, which is that of a typical 3D Heisenberg ferrotively, and the corresponding eigenenergies will be labeled
magnet. The temperature variation of the magnetization coraskgy, E;, E,, ... .
relates with the neutron data. Thus, we use a theoretical Parkinson worked otft the most simpler case whe®
model based on an antiferromagnetic impurity in a ferromag<= 1/2 andS= 1/2. In this case the ground state belongs into

IV. CONCLUSION
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the manifold of¥, states. In the weak coupling limit(/J pear unavoidably in a system with oppositely oriented spins
——0) the ground state is the pure @le state and since these oscillations result in a reduction of the spins
((W4|Sf|W,)=1/2 for n#0 and —1/2 for n=0). In the  (more accurately in a reduction of their projections onto the
strong coupling limit §’/J— —«) the spin at the impurity direction of the spontaneous momerthe ground state
site differs greatly from- 1/2 and the reduction of the spin in should beinhomogeneousThis is due to the fact that the

the nearest neighbor host sites differs significantly from zergrojection of the total spin of the system is conserved be-
((P,|Sf|W,)=0.476 forn#0 and —0.36 forn=0). We cause its operator commutes with the exchange Hamiltonian.
must note that the reduction of the host spin is not confined’herefore, if the projection of the impurity spin becomes
only at the nearest neighbor but in all the crystal, with ashorter under the influence of the exchange interaction this
magnitude which decreases exponentially with distance fronshortening should be compensated by the reduction in the
the impurity. In the case of an arbitrary impurity s@hthe  projections of the spins in the host crystdle S,=3,;S; is a
ground state of the system should be sought in the spectrugonserved quantily Hence, whemN— o the ground state of

of many-particle deviations from the stadg, characterized the system should be inhomogeneous.

by exactly parallel spins. Problems of this kind are very dif- ForJ’ <0 the theory arrives to the following conclusions
ficult to solve. However, when the ground state of a crystarelevant to the present result&) The ground state of the
for J’<0 is close to the Na state(or |J'|/J—0) the cor- system is inhomogeneous resulting in spin states with re-
rections can be found by the spin-wave method in which theluced spin(b) There are spin excitations which are localized
operators of the spin deviations from thé dllstate are in- at the impurity atom and its immediate environment. Some
troduced. We shall assume that the true ground state of thef these excitations can reduce the spontaneous moment by
quantum Hamiltonian has the same value of zlpojection  unity and they are located within the quasicontinuous exci-
of the total spin. However since zero-point oscillations ap-tation band(i.e., they are low-lying in energy

1S, Jinet al, Science264, 413(1994. 133, B. Parkinson, Solid State Commu§.419 (1967).

2C. Zener, Phys. Re82, 403(1951). 143, W. Lovesey, Proc. Phys. Soc. Lond®® 893 (1966.

3A. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Rev. 15 K. Leung, A. H. Morrish, and B. J. Evans, Phys. Rev1B
Lett. 74, 5144(1995. 4069(1976.

4J. W. Lynnet al, Phys. Rev. Lett76, 4046(1996; J. W. Lynn 165 g Ogaleet al, Phys. Rev. B57, 7841(1998.
et al, J. Appl. Phys81, 5488(199%; L. Vasiliu-Doloc et al, 17A. Tkachuket al., Phys. Rev. B57, 8509(1998.
. ibid. 81, 5491(1997. 18y, Jaccarincet al, Phys. Rev. Lett13, 75 (1964.
6R. H. Heffneret al, Phys. Rev. Lett77, 1869(1996. 19\ M. Savostaet al, Phys. Rev. Lett79, 4278(1997.
7K' H. Ahn et al, Phys. Rev. B54, 15299(1996. 20p. G. Rancourt and J. M. Daniels, Phys. ReV2® 2410(1984).
BM' Pissaset al, J. Appl. Phys81, 8 (1997). 2F. van der Woude and A. J. Dekker, Phys. Status S@lidi75
A. Simopouloset al, J. Magn. Magn. Materl77, 860(1998. (1965
9 . .
loYu. A. Izyumov and V. Medvedenpublished 223, Rodriguez-Carvajgunpublishegt Physica B192, 55 (1993.
H. Ishii, J. Kanamori, and T. Nakamura, Prog. Theor. Pi3a;. . . .
795(1,965 ’ » 7109 233, C. Le Guillou and J. Zinn-Justin, Phys. Rev. L&#8, 95
11 ' (1977.
T. Wolfram and J. Callaway, Phys. Rel30, 2207(1963. 243 M. Tereseet al, Nature(London) 386, 256 (1997).

'?D. Hone, H. Callen, and L. R. Walker, Phys. Redd4, 283
(1966 J. M. De Teresat al, Phys. Rev. B56, 3317(1997.



