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Abstract In this paper, we present the investigations of elec-
tron paramagnetic resonance on perovskite manganite
Pr0.5Sr0.5MnO3 and Ga-doped Pr0.5Sr0.5Mn0.95Ga0.05O3.
The temperature dependent paramagnetic resonance spec-
tra parameters (effective g-factor, peak-to-peak linewidth
�Hpp and double integrated intensities) have been used to
study the paramagnetic spin correlations and spin dynam-
ics. The gradual increase of effective g-factor is attributed
to the presence of orbital ordering above TC. The model
fittings of temperature dependent double integrated inten-
sities reveal Arrhenius law is appropriate for describing
Pr0.5Sr0.5Mn0.95Ga0.05O3 instead of Pr0.5Sr0.5MnO3 sys-
tem. As for Pr0.5Sr0.5MnO3, the broadening of linewidth
with the temperature increase origins from the contribution
of small polaron hopping in the PM regime. However, as for
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Pr0.5Sr0.5Mn0.95Ga0.05O3, the broadening of EPR linewidth
can be understood with the spin-lattice relaxation mecha-
nism.

1 Introduction

Electron paramagnetic resonance (EPR) is known as a pow-
erful probe of spin dynamics and magnetic correlation in
perovskite manganites on a microscopic level. By the anal-
ysis of temperature dependence of EPR spectra parame-
ters (line shape, effective g-factor, peak-to-peak linewidth
�Hpp, and double integrated intensities(DIN)), we can ob-
tain many valuable information about spin dynamics and
spin correlations. In this field, the discussion of the para-
magnetic linewidth variation is always a hot issue [1–8].
Recently, Huber recalled in question the previous con-
clusion of the eg polarons hopping contribution to EPR
linewidth [9]. Therefore, it is well worth investigating the
linewidth variation and the polarons hopping contribution to
EPR linewidth.

Mixed-valence manganites with the general formula
R1−xAxMnO3 (R = rare earth element, A = divalent alka-
line earth element) attracted great attention in recent years
since that the basic physics of these materials is governed
by the close interaction between lattice, spin, and charge
degree of freedom [10–14]. Among these oxides, the half-
doped manganites R0.5A0.5MnO3 are particularly interest-
ing, since they display the charge ordering (CO) which be-
haves like the periodic arrangement of Mn3+/Mn4+ ions
associated with the magnetic order of either A-type antifer-
romagnetic (AFM) phase or CE-type (mixed magnetic struc-
ture of A- and C-type) AFM phase. The half-doped mangan-
ites Pr0.5Sr0.5MnO3 is a typical CO material whose ground
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state is a A-type AFM phase and metallic layers with fer-
romagnetically ordered spins coupled antiferromagnetically
to each other [15–17]. Even though its magnetism and CO
character have been previously reported, the investigation of
EPR on it is rarely performed.

In this paper, two samples of Pr0.5Sr0.5MnO3 (PSMO)
and Ga-doped Pr0.5Sr0.5Mn0.95Ga0.05O3 (PSMGO) were
studied. Through the substitution with Ga3+ ions, we can
adjust/change the eg polarons hopping in Pr0.5Sr0.5Mn0.95

Ga0.05O3 so that we can compare their contribution to para-
magnetic (PM) linewidth with that of Pr0.5Sr0.5MnO3. Our
investigation indicates that for Pr0.5Sr0.5MnO3 the broad-
ening of linewidth and a linear temperature dependence of
linewidth in the PM regime origin from the contribution
of small polaron hopping. However, for Pr0.5Sr0.5Mn0.95

Ga0.05O3 the broadening of EPR linewidth with the tem-
perature increase is due to the spin-lattice relaxation mech-
anism.

2 Experiment

Polycrystalline manganite Pr0.5Sr0.5Mn1−xGaxO3 (x = 0
and 0.05) samples were prepared by the conventional solid-
state reaction method described in [18]. The dc magnetic
susceptibility was measured by using a commercial su-
perconducting quantum interference device magnetometer
(Quantum Design MPMS 7T-XL) and the resistivity (ρ) was
measured by standard four-probe method. The EPR mea-
surement of the powder sample was performed at selected
temperatures using a Bruker EMX-plus model spectrom-
eter with a heater operating at X-band frequencies (ν ≈
9.4 GHz).

3 Results and discussion

The temperature variation of the dc magnetic susceptibility
was shown in Fig. 1. As for PSMO sample, the susceptibility

curve shows a sharp PM–FM transition at ∼250 K and then
turns to ferromagnetic (FM)–AFM transition at ∼200 K.
Obviously, the FM–AFM transition is associated with the
formation of charge ordering phase at T = 200 K. The in-
set of Fig. 1(a) shows the temperature dependence of resis-
tivity (ρ ∼ T ) curves. As for a strong correlated magnetic
transport system, its electronic transport behavior is closely
related to its magnetic properties. Therefore, upon cooling
from 200 K, the rapid increase of resistivity just corresponds
to the decrease of susceptibility in Fig. 1(a) due to the FM–
AFM transition. These observed results are in agreement
with the previous reports in the same materials [19, 20],
indicating that the present sample is high quality. As for
PSMGO sample, its properties of magnetic susceptibility
and electronic transport are similar to that of PSMO sample
due to the low dopant content (5 wt%) adopted in the current
sample. However, as shown in inset of Fig. 1(b), it has been
impossible to observe an obvious charge ordering transition
from its ρ ∼ T curve implying that the parent spin–orbital
coupling has been changed the Ga-substitution.

Let us now study the experimental EPR data of PSMO
and PSMGO samples. Both of them appear that all EPR
lines are a single Lorentzian at temperature above that of
magnetic phase transition (not shown here). Upon cooling,
the resonance field gradually moves to the low field regime,
corresponding to that of FM phase transition in Fig. 1. With
further cooling, the resonance lines not only broaden but
also the EPR line deviates from Lorentzian shape and ex-
hibits a large distortion. Here, in order to penetrate into the
change of EPR line, Fig. 2 gives the g value as a func-
tion of temperature. The g value can be calculated from
the resonance field formula g = hν/μBHres (h is the Plank
constant; ν is the frequency of the microwave; μB is the
Bohr magnetor). Generally, the EPR signal in manganites
has been attributed to the contribution from Mn4+ rather
than Mn3+ ions, because Mn4+ ions have an isotropic g

value of ∼1.99 in an octahedral crystal field while Mn3+

Fig. 1 The temperature
dependence of the dc magnetic
susceptibility; the inset shows
the temperature variation of the
measured electrical resistivity
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ions have large zero-field splitting and very short spin-lattice
relaxation time [21]. As for PSMO sample, the calculated
g value increases form 2.14 to 2.37 as the temperature de-
creases from 300 to 250 K. In the PM regime, however, the
g value should remain unchanged. Therefore, the increase
of g value here implies that an additional spin correlation
occurs in PSMO sample above the temperature of PM–FM
phase transition. One similar increase of g value was also
previously reported in the Nd0.5Sr0.5MnO3 [3]. From 250
to 220 K, the g value shows a prominent increase indicating
the development of orbital ordering. The above increase in g

value can be understood from the changes in the spin–orbit
coupling constant consequent to the orbital ordering which
can influence the crystal field splitting and hence can lead to
an increase in the g value. As for PSMGO sample, however,
the g value decreases form 2.29 to 2.20 as the temperature
changes from 300 to 240 K. Moreover, the g value exhibits
a noticeable decrease as T < 240 K and reaches to 1.86 at
T = 180 K. Therefore, the Ga dopant not only changes the
parent spin correlation in the PM regime but also suppresses
the development of orbital ordering.

In the following section, we discuss the temperature de-
pendence of the EPR linewidth �Hpp which is defined as
the width between the highest point and the lowest one in
the EPR spectrum. As shown in Fig. 3, the �Hpp curves

Fig. 2 The effective g-factor as a function of temperature

of both samples exhibit minimum values at temperatures
called Tmin. Their Tmin are 270 and 220 K, respectively.
Such a feature is common in manganites. Through compar-
ing the �Hpp variation in Fig. 3(a) with that in Fig. 3(b),
one can find that the PSMGO sample exhibits one more ob-
vious broadening of �Hpp. In the PM regime, the broad-
ening of the EPR linewidth arises from shortening of spin–
lattice relaxation time due to the hopping of eg electrons
via spin–orbit coupling. As Ga ions occupy the Mn3+ po-
sitions, the parent lattice structure inevitably changes. From
the above studies of the g value, the spin correlation has
been confirmed in the PM regime. Therefore, the variation
of lattice structure necessarily affects the spin–lattice cou-
pling and decreases the spin–lattice relaxation time. Thus, a
larger broadening of �Hpp was observed in the Ga-doped
PSMGO sample. In the PM regime, the linewidth can be de-
scribed by the expression [1]:

�HPP(T ) = �HPP(∞)
C

T χ
(1)

where C/T is the single ion susceptibility, χ is the measured
paramagnetic susceptibility, and �HPP(∞) is the linewidth
expected at a high enough temperature. The above formula
can be rewritten as �HPP(T )T χ = �HPP(∞)C. As there
are no spin–phonon interactions in the PM regime, the prod-
uct �HPPT χ should be a temperature independent constant.
The insets of Figs. 3(a) and 3(b) show the product �HPPT χ

as a function of temperature above TC. Both of them show
a slight increase with the decrease of temperature, indicat-
ing that there exists a contribution of spin–phonon interac-
tions to the linewidth �HPP variation. Moreover, the inset of
Fig. 3(b) shows a more significant increase. Therefore, the
spin–phonon interactions are more sensitive to temperature
changes in the PSMGO sample because the Ga substitution
changes the vibrations of the lattice.

For the most of hole-doped manganites, the electronic
transport behavior is generally considered to be polaron
hopping in the PM regime. Therefore, the contribution of
the polarons hopping to EPR linewidth is worth investigat-
ing. However, up to now, the question has not been com-

Fig. 3 The EPR linewidth
�HPP versus T (the inset plots
the temperature dependence of
the product �HPPT χ
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Fig. 4 EPR linewidth plotted as
ln(�HPPT ) vs 1000/T (the
solid line represents the fitting
results of (2)); the inset plots
ln(ρ/T ) versus 1/T and the
solid line are fits to the small
polaron hopping model

pletely solved. The issue was first bought up by Shenge-
laya et al. in the investigation of La1−xCaxMnO3, and they
proposed a “bottleneck model” to describe the temperature
dependence of the EPR linewidth �Hpp[21]. In order to
clarify the polaron contribution, Huber et al. provided an-
other theoretical formula which could characterize the EPR
linewidth in the absence of polaron contribution [22]. How-
ever, in subsequent investigation of Pr0.8Ca0.2MnO3 [24]
and La0.75Ca0.25MnO3 [23], irrespective of whether one
considers the polaron contribution or not, both models gave
nearly identical fitting results. Therefore, it is difficult to
affirm the contribution of polaron hopping to the EPR
linewidth. Beyond that, other models, such as one-phonon
process [25] and a spin-only relaxation mechanism [1], are
also used to explain the EPR linewidth variation in the PM
regime. In the present system, the hopping of eg electrons
from Mn3+ to Mn4+ via the neighboring O2− ions will de-
termine the lifetime of the spin state and the EPR linewidth.
The Ga-dopants aggravate the lattice distortion which will
cause localization of carriers. Thus, we can directly obtain
some information about the contribution of polaron hop-
ping by comparing their activation energy obtained from
the ρ ∼ T and �Hpp ∼ T curves. Based on a small polaron
model (ρ = AT exp(E0/kBT )) and the ρ ∼ T curves of the
inset of Fig. 1, the fitting curves are shown in the inset of
Fig. 4. The obtained activation energy E0 was deduced to
be 58.1 meV for PSMO and 75.6 meV for PSMGO, respec-
tively. Obviously, a larger activation energy in the PSMGO
sample is entirely reasonable due to the Ga dopant assis-
tance for carrier localization and the increase of activation
energy. Now, we turn to deducing the activation energy vari-
ation from �Hpp ∼ T curves. According to the “bottleneck
model” [21], the activation energy can be deduced by using
the following equation:

�HPP(T ) = �H0 + A

T
exp(−Ea/kBT ) (2)

where �H0 and A are two temperature-independent param-
eters and Ea is the activation energy. Figure 4 shows the
ln(�HPPT ) versus 1000/T , and the straight line represents
the fitting results. The activation energy Ea is 64.8 meV for
PSMO and 49.6 meV PSMGO, respectively. Comparing the
obtained activation energy from two different approaches,
we can find that the values of the PSMO sample are in a
reasonable range of error while the values of PSMGO have
a relatively large deviation. As for the activation energy ob-
tained from the ρ ∼ T curves, we should admit its relia-
bility because it was deduced directly from the experimen-
tal electronic transport measurements. Assuming this to be
the case, the presence of inconformity signifies that the po-
laron hopping contribution to linewidth variation is unsuit-
able for the Ga-doped PSMGO sample. A plausible inter-
pretation of the deviation is that the Ga dopant causes an
inhomogeneous magnetic domain distribution or a magnetic
frustration, where the co-presence of PM, FM, and AFM in-
teractions influences the spin–lattice relaxation. As a result,
the detected linewidth variation is not consistent with the
polaron hopping model.

In order to further clarify the issue, we studied the inten-
sity variation of the EPR spectra which was an important pa-
rameter to identify the magnetic ions contribution to the res-
onant entities. Generally, one can use two different numeri-
cal analysis methods to investigate the intensity of the EPR
spectra. The first one is the double integration of the spec-
tra (dP/dH ), and the second one is the calculation of the
area of production �H 2

PPY ′ (2Y ′ is the peak-to-peak deriva-
tive amplitude). However, the double integrated intensities
(DIN) provided better accuracy for absolute values. There-
fore, we here use the DIN to study the intensity of the EPR
spectra. The intensity of the EPR spectra is associated with
the total magnetic ions contribution to the resonant spectra.
Therefore, in order to facilitate the numerical analysis, the
DIN values are generally normalized to high temperature
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Fig. 5 Arrhenius plots of DIN
and the solid line represent the
fitting results of (3) (the inset
represents temperature
dependence of the double
integrated intensity DIN)

DIN ones. The inset of Fig. 5 shows the results of normal-
ized DIN. Both figures show that the DIN values increase
with the decrease of temperature. In the PM regime, the DIN
for many manganites is usually described by the Arrhenius
law [1, 26]:

DIN(T ) = I0 exp(Ea/kBT ) (3)

where Ea is the activation energy for dissociation of the
paramagnetic spin clusters. As shown in Fig. 5, the activa-
tion energy was deduced to be 130 meV for PSMO and 61.4
meV for PSMGO, respectively. Obviously, for the PSMO
sample, the too large activation energy of 130 meV indi-
cates that the scenario of dissociation of the paramagnetic
spin clusters cannot be applied to the PM regime of the
PSMO sample. That is to say, the above Arrhenius law is
unsuitable to describe the DIN variation in the PSMO sam-
ple. On the contrary, the dissociation of the paramagnetic
spin clusters is very appropriate for the PSMGO sample
since the Ga-dopant separates the Mn3+–O2−–Mn4+ spin
chain structure. In view of semiconducting transport in its
PM regime, we also attempted using the thermal activa-
tion model (ρ = ρ0 exp(EP /kBT )) to fit the ρ ∼ T curve
of Fig. 1(b). Unexpectedly, the obtained thermal activation
energy EP is 61.75 meV, which is strikingly similar to the
value of Ea = 61.4 meV deduced from the DIN curve, indi-
cating that the broadening of the EPR linewidth in PSMGO
is not due to the polaron hopping mechanism. Namely, the
description of electronic transport of PSMGO is better with
the thermal activation model than with the small polaron
model. Therefore, for the PSMGO sample, we think that
the broadening of �Hpp with increasing temperature is as-
sociated with the spin lattice relaxation involving the one
phonon process. In this doped system, the increase of tem-
perature can assist the thermal motion of the lattice, which
benefits the energy exchange among the different spin clus-
ters. Thus, it causes the decrease of spin–lattice relaxation
time and the increase of the EPR linewidth.

4 Conclusion

In summary, we have measured the dc magnetic susceptibil-
ity, electronic transport, and the EPR spectra for the ceramic
Pr0.5Sr0.5MnO3 and Pr0.5Sr0.5Mn0.95Ga0.05O3. Together
with the analysis of the effective g value, linewidth varia-
tion, and DIN, we found that the broadening of linewidth
and a linear temperature dependence of linewidth in the
PM regime arose from the contribution of small polaron
hopping for Pr0.5Sr0.5MnO3. However, for Ga-doped
Pr0.5Sr0.5Mn0.95Ga0.05O3, the broadening of the EPR line-
width with the increase of temperature stems from the spin–
lattice relaxation mechanism.
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