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1. Introduction

ABSTRACT

Four manganite samples of the series, (La;/3Smy/3)2/351xBag 33 —xMnOs, with x=0.0, 0.1, 0.2 and 0.33,
were investigated by X-band (~9.5 GHz) electron paramagnetic resonance (EPR) in the temperature
range 4-300 K. The temperature dependences of EPR lines and linewidths of the samples with x=0.0,
0.1 and 0.2, containing Ba®* ions, exhibit similar behavior, all characterized by the transition
temperatures (Tc) to ferromagnetic states in the 110-150 K range. However, the sample with x=0.33
(containing no Ba?* ions) is characterized by a much higher Tc=205 K. This is due to significant
structural changes effected by the substitution of Ba®>* ijons by Sr?* ions. There is an evidence of
exchange narrowing of EPR lines near T,;,, where the linewidth exhibits the minimum. Further, a
correlation between the temperature dependence of the EPR linewidth and conductivity is observed in
all samples, ascribed to the influence of small-polaron hopping conductivity in the paramagnetic state.
The peak-to-peak EPR linewidth was fitted to AB,(T)=AByp min+A/Texp(—Ea/kgT), with E;=0.09 eV for
x=0.0, 0.1 and 0.2 and E,=0.25eV for x=0.33. From the published resistivity data, fitted here to
0(T)oc 1/T exp( — Es/ksT), the value of E, the activation energy, was found to be E;=0.18 eV for samples
with x=0.0, 0.1 and 0.2 and E5;=0.25 eV for the sample with x=0.33. The differences in the values of E,
and E in the samples with x= 0.0, 0.1and 0.2 and x=0.33 has been ascribed to the differences in the
flip-flop and spin-hopping rates. The presence of Griffiths phase for the samples with x=0.1 and 0.2 is
indicated; it is characterized by coexistence of ferromagnetic nanostructures (ferrons) and para-
magnetic phase, attributed to electronic phase separation.

© 2010 Elsevier B.V. All rights reserved.

was given to the spin dynamics of the Mn ions near the magnetic
phase transition, and explanation of the pseudolinear increase in

The compounds (Lay;3Smy;3)5/351xBag 33_xMnOs have the com-
mon formula A, _,B,MnOs; (where A=La, Sm, Pr, or another rare-
earth ion, and B=Ca, Ba, Sr; y=1/3). They are members of a large
series of rare-earth manganites exhibiting giant magnetoresis-
tance. Their transport, magnetic and structural properties are very
sensitive to the substitution of trivalent rare-earth ion (A3*), as
well as that of divalent ions (B2*). These compounds have been
the subject of several investigations, including FMR/EPR investi-
gations of Mn ions. (See Refs. [1-25] in the reference section,
where the details of particular investigations have been included.
Here FMR stands for ferromagnetic resonance.) Special attention
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EPR linewidth in the paramagnetic state of these compounds
above the Curie temperature. Despite all these efforts, the
magnetic behavior of these compounds has not been fully
understood as yet.

The effect of substitution of the Sr?* ion, with the ionic radius
of 1.12 A, for the Ba®* ion, with the larger ionic radius of 1.34 A,
has been investigated here on the EPR spectra in the manganites
(La1/3Sm2/3)2/3SrXBa0433,XMnO3, x=0.0, 0.1, 0.2, and 0.33. This
substitution affects the structure of these compounds leading to a
deviation from the ideal cubic structure, the degree of which is
dependent on the ionic radius of the substituting divalent cation.
The amount of substitution governs the fractional contents of the
Mn3* and Mn** ions present in these samples. The change in the
average size of the cation at the B site of these perovskites results
in large changes in their transport and magnetic properties due to
modification of the Mn-O-Mn bond angles and Mn-0 distances,
thereby influencing the e, electron hopping between the Mn**
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and Mn** states. Also, such distortion of the bond angles and
distances gives rise to competing superexchange and double-
exchange interactions, causing electronic phase separation. It is
noted here that increasing Ba content leads to increasing disorder
in the system, and therefore to a possible appearance of enhanced
spin-glass like phase in these samples. Further, in these
compounds, diamagnetic La ions are partly substituted by
the paramagnetic Kramers Sm>* ions, which strongly affects the
magnetic states of these compounds below their phase transi-
tions: where there occurs a competition between the ferro and
antiferromagnetic states, which, in turn, affects their magnetore-
sistance [1-10]. Asthana et al. [9] reported detailed investigations
of the magnetic susceptibility and conductivity in the tempera-
ture range 4-320 K in these compounds, whereas Huanyin et al.
[1] investigated the influence of heavy doping of Sm in
Lag 67510.33Mn0Os.

This paper reports a detailed X-band (~9.5 GHz) electron
paramagnetic resonance (EPR) study of the manganite com-
pounds (Laq;35my3)2/351xBag 33 xMnO3 (x=0.0, 0.1, 0.2 and 0.33)
in the temperature range 4-300K. Apart from studying the
occurrence of Griffiths phase in the samples with x=0.1 and 0.2,
an important aim of the present work is to understand the
behavior of the broadening of EPR lines in the paramagnetic state
and to investigate the ferromagnetic nanostructures (ferrons) in
these compounds.

2. Experimental arrangement

A Bruker ER-200D SRC EPR X-band spectrometer, equipped
with an Oxford helium-flow cryostat for temperature variation in
the liquid-helium temperature range for 4-150K, as well as a
Bruker temperature controller for variation in the liquid-nitrogen
temperature range 120-300K, was used to investigate the
manganite samples (La;;3Smy;3)2/35rBagss_,MnOs. It is noted
here that with the Oxford cryostat, one goes to the lowest
temperature (4 K) first, and then all measurements are carried out
with increasing temperature, whereas with the Bruker cryostat
the measurements are made for temperatures decreasing from
room temperature. The difference in the direction of temperature
change does lead to some hysteresis in the EPR linewidth and line
positions. This is similar to that observed in YBaMn,0Og, where the
structural phase-transition temperature T; determined during
cooling was found to be less than the phase transition tempera-
ture determined during heating. [4]

3. EPR spectra

3.1. Phase transitions from paramagnetic to magnetically ordered
phase

The variation of the first-derivative EPR spectra with tempera-
ture for these samples is shown in Figs. 1, 2, 3 and 4 for the
samples with x=0.0, 0.1, 0.2 and 0.33, respectively. They exhibit
essentially the same behavior of the main, intense line as the
temperature is lowered. The phase-transition temperatures from
the magnetically ordered states to the paramagnetic state, at
which spontaneous magnetization drops to zero, as determined
from magnetization data [9], are 96, 112, 127 and 203 K, for
x=0.0, 0.1, 0.2 and 0.33, respectively. For all these samples, g~ 2.0
for the EPR line in the paramagnetic phase. For the sample with
x=0.33, two lines,—the narrow one situated in the 2200-2800 G
range and the broader one centered around 3500G, were
observed clearly below 210K, as seen in Fig. 4. The broader line
disappears below 190K, at which the sample becomes fully
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Fig. 1. Variation of EPR spectra of (La;/35my/3)2/3Ba;;3MnO3 sample (x=0.0) versus
temperature from 4 to 290 K. EPR lines below and above 110 K were recorded
using the Oxford and Bruker temperature controllers, respectively.
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Fig. 2. Variation of EPR spectra of (La;/35my/3)2/3Bag.235r0.10Mn0O3 sample (x=0.1)
versus temperature from 4 to 290 K. The second signal in the region 230-270 K is
clearly seen, and indicated by a star. EPR lines below and above 150 K were
recorded using the Oxford and Bruker temperature controllers, respectively.

ferromagnetic. The narrower EPR line starts to move to lower
magnetic fields with decreasing temperature below 205 K in the
ferromagnetic region. In Fig. 5, the overlap of broad and narrow
EPR lines is successfully simulated as a weighed sum of two EPR
lines, one of these is situated at g=2.04 (paramagnetic), whereas
the second one (ferromagnetic phase) is situated at a higher g
value, varying from 2.5 at 210 K to 2.9 at 200 K as the temperature
decreases. The second line has the Lorentzian shape. As revealed
by this simulation, the relative contribution of the first line
decreases in this temperature region, accompanied by the
contribution of the second line increasing sharply, from 13% at
210K to 60% at 200 K. The presence of two lines at the same
temperature, one paramagnetic and the other ferromagnetic,
representing two different magnetic phases, is a clear evidence of
phase separation in this compound near the magnetic phase
transition. This is due to the varying distribution of Sr** ions over
the sample, which, in turn, leads to fluctuations of Mn3*/Mn**
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Fig. 3. Variation of EPR spectra of (La;;35my/3)2/3Ba.135r0.20Mn0O3 sample (x=0.2)
versus temperature from 120 to 290 K. The second signal in region 210-280 K is
clearly seen, and indicated by a star. EPR lines above 110 K were recorded using
the Bruker temperature controller.
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Fig. 4. EPR spectra of (La;;3Smy/3)2/35r13Mn03 sample (x=0.33) versus tempera-
ture near the phase transition region 130-290 K.

distribution over the sample, and thus to the coexistence of
paramagnetic and ferromagnetic phases in the close vicinity of
the phase transition.

Griffiths phase. For the samples with x=0.1 and 0.2, an
additional weak EPR line over and above the more intense line
was observed due to the Griffiths phase as seen in Figs. 2 and 3.
The position of the weak line moves towards lower fields from
about 2500 G to a bit below 2000 G with decreasing temperature
from 270 to 200 K. The linewidths of these weak lines for the two
samples are 250-300 G, not changing much over the temperature
range of their occurrence. They are due to the existence of
ferromagnetic nanostructures (ferrons) due to the Griffiths phase
[26], wherein the formation of nuclei of the ferromagnetic phase
depends on the disorder parameter. The occurrence of the
Griffiths phase in these compounds is further justified as
follows. The magnetic susceptibility for the samples with
x=0.1 and 0.2 does not follow the Curie-Weiss law. The nuclei
of the ferromagnetic phase at the nanosized level are formed
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Fig. 5. EPR spectra of (La;;3Smy/3)2/3Sr1,3Mn0O3 sample (x=0.33) versus tempera-
ture near the phase transition region 205-210 K. The solid lines are experiment,
whereas the simulations are shown by dotted lines. In the inset, the solid line is
the sum of two dotted simulated lines.

within the paramagnetic phases below the so-called Griffiths
temperature (Tg) and above the Curie temperature (T.) of the
compounds. The Sr?* and Ba?* ions cause disorder here. Their
replacement of the La>* ions leads to creation of holes located at
the positions of the Mn, or oxygen, ions. They migrate to the sites
of the Mn3* ions, causing polarization of the direction of spins,
leading to the formation of ferromagnetically ordered nanostruc-
tures. These ferron nanostructures may cause phase separations
in the manganites [21]. In the samples with x=0.1 and 0.2, the
Griffiths temperature (Tg) was estimated to be about 290 K from
the EPR data, being the temperature below which the ferromag-
netic lines appear. Similar weak ferromagnetic EPR signals were
reported in La;_,BayMnOs; for 0.05<x<0.3 below 340K by
Eremina et al. [21] for which Tg=340K, which is much higher
than Tg=270K for La;_,SryMnOs [22]. These are the inhomo-
geneities, arising from the variable Mn oxidation state, which lead
to the electronic phase separation at the nano-scale length [6,7].

3.2. EPR linewidths

The temperature variations of the peak-to-peak linewidths,
ABy,y,, of the first-derivative EPR signal as functions of T for the
four samples are shown in Fig. 6. For the samples with x=0.0, 0.1
and 0.2, the EPR linewidth decreased gradually as the
temperature was reduced from 300K in the paramagnetic
phase, but increased sharply below 120 K. In all the samples,
the linewidths are affected by exchange narrowing and hopping,
as described below.

3.2.1. Tmin and ABpp,m,‘n

For all four samples, ABp, decreases almost linearly with
decreasing T above Tpi,, at which the minimum ABpp min of the
linewidth occurs. Upon decreasing T below T, ABp, increases
sharply, accompanied by a distortion in the lineshape. Above T,
the spectrum exhibits a structureless single line, implying that for
T> Trmin the sample is paramagnetic. The temperature depen-
dence and linewidth of the sample without Ba ions (x=0.33) are
at variance from those exhibited by the other three samples
(x=0.0, 0.1 and 0.2), containing Ba®* ions. For this sample,
Tmin=240 K, which is considerably higher than those for the other
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Fig. 6. Peak-to-peak EPR linewidth of the manganite samples versus temperature.
Here the EPR linewidths for the samples with x=0.0, 0.1, 0.2 and 0.33 are indicated
by down triangles, up triangles, circles and squares, respectively. The open and
closed symbols indicate data obtained for increasing and decreasing temperature
changes, produced by Bruker and Oxford controllers, respectively. The second
signal in the range 190-210 K for x=0.33 sample indicated by cyan squares.

samples (150, 170 and 170 K for x=0.0, 0.1 and 0.2, respectively),
This is explained as follows. T, the Curie temperature as
determined from the temperature dependence of the magnetiza-
tion for each sample under investigation in Section. 2 [9],
increases with increase in the Sr content due to increase in the
overlap integral of electron densities of Mn and O ions, leading to
an increase in ferromagnetic ordering. Increasing Ba content
diminishes the long-range ferromagnetic ordering and enhances
frustration due to competition between ferromagnetic and
antiferromagnetic ordering, which causes phase separation in
these systems. The local atomic disorder increases with decreas-
ing Sr content, as a result of which the ferromagnetic interactions
become weaker as compared to those with antiferromagnetic
interactions [9].

3.2.2. Linewidth mechanisms
The peak-to-peak first-derivative linewidth for T > Ty, for the
various samples can be expressed as a sum of two terms, one of
which is temperature-independent, whereas the other is tem-
perature-dependent, so that ABp,=ABpp min+ABpp(T).
Temperature-dependent EPR linewidth AB,y(T): It is propor-
tional to the magnetic susceptibility, and is given as [2-5]

ABpp(T) = [10(T)/ 2()I1ABpp(c0) M

where yo(T)oc T~ ! is the free spin (Curie) susceptibility; y is the
measured susceptibility; and AB,p(c0) is the temperature-inde-
pendent value. Huber et al. [3] calculated the influence of
exchange narrowing, using a general expression for the relaxation
rate of the total spin. This approach is based on the memory-
function formalism developed by Mori [27], calculating AB,,(T) as
a function of the second- and fourth-order moments, M, and My,
and concluding that the main reason for broadening is the
variation of the orthorhombic crystal-field parameters over the
various Mn ions. The influence of the antisymmetric exchange
interaction (Dzialozhinsky-Moriya) on EPR linewidth was
found to be important [3]. However, the calculations showed
very little influence of the dipole-dipole interactions in these
manganite compounds, in agreement with the calculations of
Huber et al. [2,3].

Hopping conductivity: It is attributed to the temperature-
dependent spin-lattice interactions [11-14], including those due
to single-phonon spin-lattice relaxation [28] and bottle-necked
spin relaxation between the Mn®>* and Mn** ions present in the
samples [12]. Causa et al. [15] studied the effect of Mn®>* and
Mn** ions on the EPR signal, observing a deviation of the double-
integrated first-derivative EPR intensity (area under the absorp-
tion line) from the Curie-Weiss behavior in the paramagnetic
region. The explicit form of ABp(T), based on the model of EPR
linewidth broadening due to the hopping process, is discussed as
follows. A linear relation between the EPR linewidth (AB,) and
conductivity is often observed in systems exhibiting hopping
conductivity [27]. The hopping rate of the charge carriers limits
the lifetime of the spin state. One of the contributions to the
conductivity in manganites has been ascribed to hopping by Chen
et al. [23]. The consequent EPR line broadening and increase in
conductivity are proportional to the hopping rate [29]. The
temperature dependence of ABj, above Ty, is very similar to
that of the electrical conductivity observed in manganite [24].
Accordingly, the following expression [2,3] was used here to fit
the EPR linewidth for T > Ty,jn:

A
ABpp(T) = ABpp,min + T exp(—Ea/kgT) (2)

The best-fit parameters are: ABppmin=334, 505, 540, 648 G,
and E,=0.26, 0.089, 0.090 and 0.089 eV for the samples with
x=0.33, 0.2, 0.1 and 0.0, respectively. For comparison, the
temperature dependence of the measured electrical resistivity,
as reported by Asthana et al. [9], is shown in Fig. 7, according to
which both the EPR linewidth and conductivity exhibit similar
temperature dependences. In the paramagnetic regime, the
conductivity (o) values for the manganite samples are
dominated by adiabatic hopping motion of small polarons
[25,30], whose temperature dependence is given by

o(T)oc(1/T)exp(—Es /kgT) 3

where E, is the activation energy. The resistivity data plotted in
Fig. 7 for T> 200 K were fitted to this expression, obtaining the
values E;=0.25, 0.18, 0.18 and 0.18 eV for the samples with
x=0.33, 0.2, 0.1 and 0.0, respectively. A comparison of E, and E,
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Fig. 7. Variation of resistivity with temperature for (La;;3Smy/3)2/3SrxBay 3 xMnO3
samples. The data points for the sample with x=0.0 are represented by closed
circles, those for the sample with x=0.1 by up triangles, those for the sample with
x=0.2 by down triangles and those for the sample with x=0.33 by closed squares.
The continuous lines represent fitting of the data points to Eq. (3).
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values determined here reveals that these two values are equal for
the sample with x=0.33 without Ba?" ions, whereas the value of
E; is about twice that of E, for the samples with x=0.0, 0.1 and
0.2, in which there is a partial replacement of Sr** ions by Ba%*
ions. They ascribed the differences in the E, and E, values to the
mechanisms responsible for these processes, which are the slower
spin-lattice dynamics near the Curie point that determines E,
values and the hopping motion that determines E, values.
Specifically, the temperature dependences of the resistivity and
EPR linewidth in the paramagnetic region are due to small-
polaron hopping, wherein polarons formed near the Curie point
are located between the Mn>* and Mn*"* ions. They are mediated
by the double-activated hopping of the itinerant eg electrons
through the 0%~ ions. The present results on the manganite
samples are in accordance with those reported by Ulyanov et al.
[20] for the manganite Prg;BagsMnOs, where similar activation
energies were obtained, estimating E, from the resistivity data to
be 0.16 eV and E, values from the EPR linewidth and intensity
data to be 0.09 and 0.11 eV, respectively.

The structure of (La;;35my3)2/35rxBag.33_xMnO3 was investi-
gated by Asthana et al. [9]. They found orthorhombic structure
at room temperature (paramagnetic region) for all samples.
The structure changes towards pseudocubic with decreasing
Sr content. Considerable decrease in a, b, ¢ parameters was
observed for samples with x between 0.2 and 0.33. The
peculiarities of structures of (Laq;3Smy3)2/351xBag 33 xMnO3 with
and without Ba may explain the difference in the E, and E, values
for x < 0.33. The difference in the E, and E, values in the samples
(Laq/3Smy/3)2/351xBag 33 _xMnO3 with x=0.33 and x=0.0, 0.1 and
0.2 is explained as follows. According to Huber et al. [2], in
manganites one can consider the existence of two separate
systems of electrons: (i) core spins (S=3/2), which are responsible
for magnetism, and (ii) eg polarons, which are responsible for
conductivity. Both systems of electrons are thermally activated.
This leads to temperature dependence of the conductivity,
as well as that of the EPR intensity and linewidth. They proposed
that hopping weakens Hund'’s rule correlations between the core
spins and the spins of the eg electrons that lead to parallel
alignment in LaMnOs. This correlation diminishes with increasing
Mn#*-0-Mn3" distance, leading to the large difference in energy
of thermal activation for the samples with x <0.33. For the
sample with x=0.33 with more compact structure, the correlation
between these two electron systems is stronger, and almost equal
values of E, and E, are observed for this sample. If these two
systems of spins are separate systems, activation energies for each
of them are different. This results in a smaller value of E,, as
compared to E, for the samples containing Ba ions. It is suggested
here that the symmetry of the Mn magnetic sublattice for x=0.33
is different from that for x=0.0, 0.1, and 0.2 and that there occurs
some kind of structural phase transition with increasing Ba
content. To verify this, more detailed investigations of the magnetic
and structural properties of (Laj;35Smy;3)2/35rxBag 33 —xMnO3 com-
pounds in the range 0.2 < x < 0.33 are required.

4. Concluding remarks

The salient features of the EPR study on the manganite samples
of (Laj/3Smy/3)2/3S1xBag33_xMnO3 presented in this paper are as
follows:

(i) The EPR linewidth is influenced by the processes of
temperature-independent exchange narrowing and tempera-
ture-dependent hopping conductivity.

(ii) The presence of Griffiths phase, characterized by the coex-
istence of ferron nanostructures and paramagnetic bulk state,

was clearly observed in the samples with x=0.1 and 0.2
below 300 K.

(iii) Spin-lattice dynamics slows down in the samples containing
Ba?* ions, that is those with x=0.0, 0.1 and 0.2, leading to the
differences in the values of the activation energies E, and E,.

It is hoped that the results presented in this paper would
stimulate further quantitative studies of these manganites
involving conductivity and magnetic susceptibility measure-
ments.
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