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Abstract

Studies aimed at the nature of magnetic interactions in Fe and Cr substituted lanthanum deficient manganites,
Lag gsMn, _ Fe, O, (x = 0-0.15) and La, y4Mn, _,Cr, 0, (y = 0-0.175) are reported. The oxides order ferromagneti-
cally for the entire range of x- and y-values. A decrease in the Curie temperature T, with increasing substitution is
observed for both compounds, but the decrease in T, is large for Fe substitution. A large decrease was also seen in the
low-temperature magnetic moment of Fe substituted samples. The data indicate possible ferromagnetic ordering of Cr
and antiferromagnetic ordering of Fe moments in the oxides. Ferromagnetic resonance studies indicate (i) strong
spin—lagtice effects in the paramagnetic state, (ii) valence-exchange effects in the ferromagnetic state, and (iit) possible
microscopic inhomogeneities in Cr-substituted samples € 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lanthanum manganites when substituted with
a divalent ion D = Ca, Sr or Ba show ferromag-
netism (FM) nd metallic conduction [1]. The
in such LDMO compounds is of importance for
possible applications in sensor technologies. On the
other hand, it is not necessary to have divalent
substitution in manganites in order to realize FM
and CMR. For example, the lanthanum deficient
compound, La,_,MnO; (LMO) is reported to
show both FM and CMR {for extensive reference
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27 [3-6]. he oxide is ex-
pected to behave similar to DMO system in
which 30% of La is replaced with a divalent ion
since charge neutrality requires the conversion of
30% of Mn** to Mn*" in both compounds. Our
earlier studies did reveal ferromagnetism with
a Curie temperature T, of 270K for LMO with
& = 0.15 [6]. Since the ionic radius for Ca and La
are approximately of the same magnitude and that
the T, for LDMO with 30% Ca is on the order of
260 K, it is reasonable to conclude that the double
exchange between Mn ions [7] is relatively strong
in lanthanum deficient LMO compounds. Further
insight into the nature of magnetic interactions
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in
which Mn is partially replaced with magnetic or
nonmagnetic ions. Results of our studies on Fe and
Cr substituted LMO compounds are presented

(1304-8853/00/8 - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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here. Although Fe and Cr have ionic radii that are
comparable to Mn, the 180° Fe-O-Mn super-ex-
change is expected to be antiferromagnetic whereas
the Cr-O-Mn interaction is predicted to be fer-
romagnetic [8]. With these in mind, we report here
on the preparation and physical properties of poly-
Crystallille samples of Lao_gs Mn03, Lao 88 Mﬂl -

Fe,0; (x=0-015 and LaggsMn;_,Cr,O;
(y 0—0.175). Our data on the Cune temperature
and saturation magnetization indicate antifer-
romagnetic ordering of Fe moments and ferromag-
netic ordering of Cr. The overall changes in T, with
x or y were found to be smaiier than the vaiues
reported for similar substitutions in LDMQ com-
pounds [9-137]. In addition, ferromagnetic reson-
ance linewidth data were obtained for information
on the g-value, magnetic transitions and the chem-
ical homogeneity of the compounds. Details on
these measurements and results are provided in the
following sections.

2. Experimental techniques

* Polycrystalline samples of Lay g3 MnQ,, Lag gz-
Mn, _,Fe 0, (x = 0-0.15) and Lag gz Mn, _,Cr, O,
(y = 0-0.175) were prepared by repeated mixing
and sintering of the required quantitics of oxides.
The final sintering was done in air at ~ 1350°C for
24 h and all the samples were annealed in the flow-
ing oxygen at 850°C for 24h. Phase purity was
checked by X-ray diffraction (XRD) analyses
{CuK,, 40kV, 20 mA). Magnetisation was mea-
sured as a function of temperature and magnetic
field usimg a commercial SQUID magnetometer.

Low field magnetorasistance measurements were
n&d magneloresisiance measuremenis w

done in a field of 0.3 T applied parallel to the
sample plane using the van der Pauw configura-
tion. Ferromagnetic resonance studies were carried
out at 92GHz as a function of temperature.
Spheres with a diameter of 0.2-1 mm were prepared
from the polycrystalline pellets and placed at the
bottom of a TE,, reflection-type cavity. The first
derivative of the FMR absorption was obtained
with a modulation field of 10 Oe at 100 Hz. The
resonance field H, and the peak-to-peak linewidth
AH were measured over the temperature range
77-292 K.

3. Results

3.1. Lattice parameter, magnetization and
magnetoresistance

The XRD pattern of the sample Lay 3o MnO4
indicated a rhombohedral symmetry with no extra
n'nncp and the lathnn parameters were found to be
ag = 5475 £ 0.002 A and a = 60.57°. Comparing
our data with those published earlier [5] we esti-
mate the oxygen content to be ~ 298 For
x(Fe) = 0.05 to 0.1, there was hardly any change in
the lattice parameters whereas the values of ag (@)
increased slightly to 5483 (60.58°) and 5.486
(60.58°) for x = 0.05 and 0.175, respectively. A mi-
nor impurity peak was also seen for the x = 0.175
sample. On the other hand, the value of ag stayed
almost constant for y(Cr) < 0.1 but decreased to
5.472 for y(Cr) = 0.175 with a small increase in « to
60.59° but no impurity phase was seen. Magetisa-

tion of all the samples were measured as a function
of temperature 1 ll’| ” _— nn1 T As an axamnle data
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are shown in Fig. 1 for the samples, Lag g MnO3,
Lag gsMnog gsFep 1503 and Lag ggMno a25Cro.175-
3. Sharp transitions were observed for the non-
doped and the Cr substituted samples reflecting the
quality of the samples. The para-ferromagnetic
transition temperatures T, as a function of x(Fe)
and y(Cr) substitutions are shown in Fig. 2. Also
shown are the values of T, in the case of Fe
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Fig. 1. Magnetisation (H =001T) of LagssMnO;,
Lag.gsMng gsFeq 1505 and  LagssMngpasCro2s0s  as
a function of temperature.
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Fig. 3. Magnetic moment per formula unit (5 K, 5 T} as a func-
tion of x(Fe) and y(Cr) substituted in Lay g3 MnO3;.

T

substituted in Lag ¢3Cag 37 MnO; (LCMO) taken
from Ahn et al. [9]. Three important features can
be noted form this figure. First, the depression of
T. caused by the substitution of Fe (dT./dx =
1000 K /Fe) is larger compared to that caused by Cr
substitution (d T /dy = 340 K/Cr). Second, the de-
pression is much more when Fe was substituted in
Lag.e3Cag.37MnQ; than when it was substituted
in Lag qsMnQO;. Third, whereas Jian- Wang Cai
et al. [10] reported spin-glass behaviour in the 0.1
Fe substituted LCMO; our samples for similar sub-
stitution are strongly ferromagnetic. The influence
of Fe and Cr on the magnetic moment obtained at
5 K in a field of 5 T is shown in Fig. 3. In the case of
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Fig. 4 CMR of LagssMnO;, (y=0) and Laggs-
Mng 525Crp.11503 (¥ = 0.175) as a function of temperature.

Fe, the magnetic moment decreased rapidly. The
low field (0.3 T) colossal magnetoresistance, CMR,
defined as [ — 100«(Ry — Rp)/R,] is shown as
a function of temperature for the non-doped and
¥{Cr) = 0.175 substituted samples in Fig. 4. In the
case of the former, a maximum value of 21% was
observed at T close to T, and in the case of the
latter, the value was ~ 14% also located at T close
to T,. For T < T, for both the samples showed,
the CMR was around ~ 10% which reflects the
grain boundary tunneling magnetoresistance [3].
Other samples also showed similar values of CMR
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3.2. Ferromagnetic resonance

The temperature dependence of H, and AH for
the Lag g5 MnO; (LMO) sample is shown in Fig. 5.
At room temperature the linewidth was 280 Oe¢ and
the absorption occurred for an applied field corre-
sponding to g = 2.05. On cooling the sample,
H, remained constant and AH increased until the

Curie temperature was reached. Below T, in addi-

tion tc the primary absorption (H,,AH,), we
observed the evolution of a low field resonance
(H,,, AH;). The intensity of the low field resonance

a farind t
was found to increase with decrcasmg temperaturc

but disappeared below 135 K. The resonance fields
showed variations with T only at the lowest tem-
peratures and the linewidths remained temperature
independent in the ferromagnetic state.
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Fig. 5. Temperature dependence of the ferromagnetic resonance
(FMR) field H, and peak-to-peak linewidth AH for a 1 mm dia
sphere of polycrystalline Lag MnQO,. The Curie temperature
for the sample is 270 K. A single resonance with g =205 is
observed above T.. Two resonance absorptions are observed
below T..
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Fig. 6. Rcﬁg_nance field and linewidth as a function of temper-
ature for Lag ss Mng o Feo y Os.

Similar FMR measurements were performed on
spheres of the Fe and Cr substituted samples.
Figs. 6 and 7 respectively show data for the Fe and
Cr substituted samples. Consider the data’in
Fig. 6 for LagssMngoFeo 105 A well-defined
symmetric FMR absorption was observed in this
system. As the temperature was increased from
100 K, H, was found to increase and AH remained
constant. The [erromagnetic to paramagnetic
transition at T, was accompanied by a constant
H, and a drop in AH. The g-value in the paramag-
netic state was 2.00. The linewidth increased with
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Fig. 7. Resonance field and linewidth as a function of temper-
ature for Lag ssMng g25Cro.1 7505

increasing T in the paramagnetic state. Consider
now the data in Fig. 7 for Lag gsMn; _,Cr, 04, for
y = 0.175. The data are qualitatively similar to the
observation for Fe-substituted samples except for
the peak in AH at the magnetic transition temper-
ature. We also noticed a series of well-defined nas-
row absorption lines for temperatures close to
T. which are most likely the Walker modes ex-
pected for spheres of ferromagnetic samples. The
g-value estimated from the room temperature
H, was 1.99 for this sample.

4. Discussion

The appearance of ferromagnetism in the
divalent substituted LMQ was ascribed to the
double exchange mechanism by Zener [7]. The
divalent substitution induces a change in the val-
ency of Mn and thus the 30% substituted com-
pound is expected to have 30% Mn** and 70%
Mn®*. The ¢, electron from Mn** can hop to the
¢, band of the Mn*" via oxygen by hopping and
this double exchange mechanism mediates fer-
romagnetism also resulting in a semi-conductor to
metal transition (SMT). In the La deficient com-
pound (Lag,eMnQj3), too, the charge balance re-
quires the presence of mixed valent Mn and thus
one can account for the observed para-ferromag-
netic transition accompanied by a SMT [3-6].
Now, when we substitute Mn by Fe, we note that
Fe and Mn have almost the same size. Hence, the
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lattice parameters do not vary very much as ob-
served and further the valency of Fe is expected to
be 3+ [1]. As suggested by Ahn et al [9], the

double exchange may be weakened by the depopu-

Iation of the hopping electrons resulting in a reduc-

tion of T.. However, we note that the reduction of
T is more pronounced in the case of Fe substituted
LCMO compared to Fe when substituted in LMO.
We note that the LCMO samples are orthorhom-
bic [12] whereas our samples retain their rhom-
bohedral symmetry. However, neutron diffraction
data are required to quantitatively interpret our
data. Another cause may also be ascribed to the
relative effect of oxygen steichiometry in LCMO
and LMO. Next, we note that the depression of
T, is larger in the case of Fe substitution compared
to Cr when substituted. This may be explained as
follows. It is known that the Fe-O-Mn exchange is
anti-ferromagnetic whereas Cr-O-Mn is ferromag-
netic. This also explains why the magnetic moment
reduced faster in the case of Fe substitution.
Consider the FMR data in Figs. 5-7. We discuss
first the paramagnetic g-value and AH. For the
non-substituted LMO at room temperature the
g-value estimated from the resonance field in the
paramaonggr_‘ state is 2.05. Since the trivalent and
the tetravalent Mn-ions are in octahedral crystal
fields, the theoretical g-values are 1.994 and 2.2,
respectively, for the 3d® (Mn**) and 3d* (Mn*")
ions [14] Smce the oxide contains 30% Mn** and
70% Mn**, the measured g-value is in excellent
agreement w:th the theoretical value of 2.055. Upon
substitution of either Fe* (g = 1.99) or Cr** for
Mn*", the g-value is expected to decrease and is in
agreement with the measured values of 1.99-2.00.
For T > T., AH in Figs. 4-6 are of comparable
magnitude. Both spin-spin and spin-lattice inter-
actions contribute to the linewidth. A dominant
spin-spin interaction in a magnetically concen-
trated system is predicted to resultin a temperature
independent AH. A strong spin-lattice interaction,
however, results in phonon modulation of the ex-
change interactions and crystal fields and leads to
a linear increase in AH with T [15]. For T> T,
the observed increase in AH with increasing T for
the oxides is indicative of the strong spin-lattice
coupling in the manganites. Next, we discuss the
temperature dependence of H, and AH in the or-

dered state. Consider first the variation of the res-

onance field. The transition from paramagnetic to
farraomaonetic order resnlts in contributions to

ferromagnetic order results in contributions
H, due to crystalline anisotropy, porosity, and
eddy currents [16]. The data in Fig. 5 for LMO are
indicative of negligible contributions from porosity,
anisotropy and similar effects to H, since the reson-
ance field for the primary resonance at g = 2.05
shows insignificant shift through the paramagnetic
to ferromagnetic transition. One of the significant
observations in this study is the low field resonance

. in LMO. The resonance appears just below T, at

g = 3.6, and H,, decreases with decreasing temper-
ature. The origin of this absorption which disap-
pears below 135 K cannot be due to some impurity
phases Even though high-resolution electron

microscopy in manganites show cubic regions in

a rthombohedral matrix leading to microscopic in-
homogeneities [17], since the intensity of the low
field resonance line is comparable to the primary
resonance at g = 2.05, any impurity concentration
of such levels couid easily be identified with X-ray
diffraction studies. Srivastava et al. [14] reported
the observation of a similar low field resonance in
LMCO. Based on the g-values they attributed the
primary resonance (g = 2.05) to ferromagnetic clus-
ters of Mn**-Mn** and the low field resonance
to antiferromagnetic clusters of Mn’*-Mn®*,
However, the presence of a large fraction of antifer-
romagnetically coupled trivalent Mn in our

compound is not evident from low temperature

saturation magnetization data. Any suggestions on
the origin of the low field absorption must also
account for its absence in Fe or Cr substituted
samples. Data on H, versus T in Figs. 6 and 7 for
substituted samples show features similar to the
observation for LMO. One observes a downward
shift in H, through the paramagnetic to ferromag-
netic transition due to contributions from porosity
and other effects mentioned earlier. The shift in H,,
relative to the paramagnetic resonance field, is on
the order of 10%. We consider now, the temper-
ature dependence of the linewidth in the ordered
state. In the ferromagnetic state, an increase in AH

is prad.cted due to several possible causes including

spin wave scattering due to surface pits in a sphere,
valence—exchange which involves the transfer of
electron between Mn**and Mn** that leads to
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double-exchange and ferromagnetism in manga-
nites, and slow or fast relaxing impurities. Addi-

tional

..... At LA LR L aLion U

anisotropy, and eddy currents [16]. The eddy cur-
rent contributions are quite small even in metals and
can be ignored in the oxides. Thus the paramagnetic
to ferromagnetic transitions in polycrystals are gen-
erally accompanied by an enhancement in AH,
Recently, the data on FMR linewidth as a func-
tion of temperature was used to extract information
on the chemical homogeneity of lanthanum manga-
nite films and polycrystals [18,19]. Any chemical
defects can be modeled as a spread in T, and M.
The linewidth is then the sum of three terms; the
intrinsic part, broadening due to a spread in T, and
spread in M. The second term manifests as a peak

in AH at the average T, and the third term is

linearly proportional to M.

Data on AH in Figs. 5-7 show enhanced values
relative to the paramagnetic linewidth. The largest
increase in AH through paramagnetic to ferromag-
netic transition is observed for LMO. In the or-
dered state, however, AH for both resonance
absorption remained temperature independent for
LMO. Since chemical defects are suggested to lead
to a rapid decrease in AH with increasing T (the
term proportional to M) and a peak at T, (due to
spread in T.) the data are clear evidence for the
chemical homogenelty of the sample. The smallest
AH, data in Fig. 6, is observed for the sample

A ddle Anda an Al
substituted with Fe. The linewidth data is indica-

tive of good sample quality. In Fig. 7 one notices
a decrease in AH with increasing T and a peak at
T, quite likely due to microscopic impurities. Fur-
ther FMR studies are essential for an understand-
ing of contributions to AH from valence-exchange
and the presence of Mn** and Fe or Cr which
could behave as fast or slow relaxing impurities.
In conclusion, evidence for a relatively strong
magnetic interaction in La-deficient manganites
were obtained from magnetization and Curie tem-
perature studies on Fe and Cr substituted LMO. In
particular, we found a smaller decrease in T for Fe
substituted in LMO compared to that in L.LCMO
indicating that double exchange was less affected in
our samples. Ferromagnetic resonance linewidth
data are indicative of possible line broadening due
to valence-exchange. The possible presence of

narnoit

contributions  ares  dune to porosity,

microscopic chemical inhomogeneities in Cr sub-
stituted samples is inferred from the Jinewidth data.
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