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a b s t r a c t

Electron paramagnetic resonance (EPR) was applied extensively to probe the phase separation and spin
relaxation mechanism in the perovskite manganites. In this study, we conducted the measurement of
EPR for the perovskite manganites (La0.5Pr0.5)0.67Ca0.33MnO3. We found that both paramagnetic and
ferromagnetic resonance peaks simultaneously emerged on resonance spectrum near below TC, exhib-
iting a typical characteristic of phase separation. The linewidth of EPR spectrum progressively enlarged
upon the rising of temperature in the temperature range of T > TC and a quasilinear variation of peak-
peak width was observed at TC< T<500 K. In contrast to the usual beliefs that the variation of peak-
peak linewidth can be understood either by spin-lattice relaxation or by spin-spin relaxation, howev-
er, the linewidth behavior observed here shows a coexistence of two spin relaxation mechanisms. We
proposed that the inhomogeneous electronic phases due to the intrinsic self-organizing growth were
responsible for the appearance of multiple spin exchange interactions and variational relaxation
mechanism. This finding would be possible to pave a new way for further investigating magnetic cor-
relations and spin dynamics in the paramagnetic hole-doped manganites.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Phase separation(PS), namely, the simultaneous presence of two
different submicrometer magnetic regions, has attracted much
attention in perovskite manganites R1-xAxMnO3 (R¼ rare earth
element, A¼ divalent alkaline earth element) due to its important
role in understanding the unique physical properties of these
compounds, e.g., colossal magnetoresistance effect, ferromagnetic
insulating state, coexistence of ferromagnetic state and charge
eitong@hmfl.ac.cn (W. Tong),
ordering phase [1e4]. Not only that, studies of PS are also helpful
for clarifying the fundamental physics of strong electronic in-
teractions in these complex oxides because PS originates from
strong coupling between spin, charge, orbital, and lattice degrees of
freedom [5e8]. Uehara et al. directly probe and observe the PS
behavior (the separation of charge ordering phase and ferromag-
netic region) in (La1-yPry)5/8Ca3/8MnO3 using magnetic force mi-
croscopy [9]. Scanning tunneling spectroscopy, another powerful
tool to study PS, was carried out to reveal the coexistence of insu-
lating and metallic region in single crystals La0.7Ca0.3MnO3[10].
Recently, the legible morphology of refined PS evolution in
La0.67Ca0.33MnO3 film has been also reported [11]. Hitherto,
although numerous studies have been carried out to understand PS,
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Fig. 1. (Color online) Powder XRD patterns obtained for (La0.5Pr0.5)0.67Ca0.33MnO3.
Black circles: experimental data. Red line: calculated pattern. Olive ticks: positions of
the Bragg reflections for the main phase. Blue line: difference between the experi-
mental and calculated patterns. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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the intrinsic reason for the PS remains unclear.
Besides the above methods, EPR is also an effective technology

to prob the PS in perovskite manganites. Deisenhofer et al. reported
that the FM clusters embedded in paramagnetic phase of
La0.875Sr0.125MnO3 single crystals with the utilization of EPR [12].
Moreover, because EPR is also a powerful tool to study themagnetic
correlations and spin dynamics of manganites at microscopic level,
many EPRwork have been performed to elucidate their interactions
between spin and charge degrees of freedomwhich is based on the
valuable information obtained from the temperature dependence
of EPR spectra parameters, e.g., line shape, effective g-factor, peak-
to-peak linewidth DHPP and double integrated intensities(DIN). At
present, how to rightly understand the peak-to-peak linewidth
DHPP dependency on temperature is being mostly debated and a
consensus on the relaxation mechanism remains elusive in this
area. Some different mechanisms have been suggested to interpret
a linear variation of DHPP vs T above TC which is a pervasive char-
acteristic for a wide variety of mixed-valent manganites. By and
large, according to different relaxation mechanisms, the main
controversy focused on two opposite viewpoints. One is spin-
lattice relaxation suggested by Shengelaya et al. whereas the
other is spin-only relaxation proposed by Hubei and Causa et al.
[13e15].

In general, the EPR signal of the doped manganites was referred
to the contribution of Mn4þ ions instead of Mn3þ ions owing to a
large zero-field splitting and very short spin-lattice relaxation in
the Jahn-Teller Mn3þ ions [16]. According to the first viewpoint, the
energy transfer is provided by thermoactivated hopping of the
small polarons related with jumps of eg electrons from Mn3þ to
Mn4þ ions. Therefore, Shengelaya et al. utilized spin-lattice relax-
ation (the so-called “bottleneck model”) to interpret the observed
similarity of the temperate dependence of linewidth DHPP and that
of the polaron hopping conductivity in La11-xCaxMnO3 [13]. On the
contrary, considering a fact that the main interaction determined in
manganites is due to spin-spin exchange coupling between the
Mn3þ and Mn4þ, Causa et al. [14] proposed that Mn4þ and Mn3þ

ions all contributed to EPR signal but without any spin-polaron
exchange process. This viewpoint (spin-only relaxation mecha-
nism) is supported from the amazing consistency between the
theoretical calculation and the experimental observation of re-
sistivity dependence on temperature in La0.67Ca0.33MnO3 which is
measured upon to very high temperatures [14,15]. In addition, ac-
cording to Huber's theory and some related experimental results,
Rozenberg et al. proposed the spin-spin relaxation was appropriate
only for electron-doped/pristine manganite whereas the carrier-
lattice relaxation plays key role in hole-doped manganite. [17],
Therefore, to resolve these debates, it is well worth further studying
the linewidth variation and the spin relaxation mechanism in
perovskite manganites.

In this study, we presented a detailed investigation of magnetic
properties and the analysis of EPR spectrum for the manganite
(La0.5Pr0.5)0.67Ca0.33MnO3 (LPCMO). Our results show that a
paramagnetic-ferromagnetic (PM-FM) transition occurs at 131.5 K
and its ground state is of FM state. A coexistence of PM phase and
FM phase was clearly observed at the temperature ranging from
125 to 90 K based on the EPR spectrum, thereby indicating that
there was a noticeable PS characteristic. In contrast to the majority
of reported results, a quasilinear variation of temperature de-
pendency of EPR linewidth can be understood by both spin-lattice
and spin-only relaxation mechanism. We think that the local
chemical inhomogeneous induce the various types of carries which
are responsible for the coexistence of multiple spin exchange in-
teractions in system. This finding suggests novel pathways for un-
derstanding the underlaying relaxation mechanism and complex
magnetic interaction in perovskite manganite.
2. Experimental

A polycrystalline LPCMO sample was prepared using traditional
solid state reaction method [18]. The structure and phase purity of
the as-prepared sample were checked by powder X-ray diffraction
(XRD) using Cu Ka radiation at room temperature. The magneti-
zation versus temperature andmagnetic field were measured using
a Magnetic Property Measurement System (Quantum Design
MPMS 7T-XL) with a superconducting quantum interference device
(SQUID) magnetometer. The EPR measurements were obtained for
the powder samples at selected temperatures using a Bruker EMX-
plus model spectrometer with a heater operating at X-band fre-
quencies (nz 9.4 GHz).
3. Results and discussion

Fig. 1 shows the structural refinement of the XRD data obtained
for the polycrystalline perovskite manganite LPCMO using the
Rietveld method (using Fullprof program). The XRD patterns
proved that the sample was pure and a single-phase of ortho-
rhombic structure with space group Pnma. Refinement of the XRD
data gives the following reliability factors: the weighted factor
Rwp¼ 8.16%, Rp¼ 7.29%, and the structure factor 2.16%. Based on the
Rietveld refinements, the lattice parameters a, b, and c are found to
be 5.463Å, 7.7085Å, and 5.457 Å, respectively. Therefore, the
fitting results in Fig. 1 confirm the high quality of the LPCMO
sample for the investigation in this study.

Fig. 2 (left-hand axis) shows the temperature (T) dependence of
magnetization (M) measured under an applied magnetic field of
H¼ 100 Oe. One sharp PM-FM phase transition occurs at the Curie
temperature TC�131.5K which is determined from the differential
M(T) curve. Right-hand axis shows the inverse susceptibility X�1 vs
T. Obviously, a linear variation of X�1ðTÞ curve indicates that the
evolution of susceptibility dependency on temperature can be
preferably described by the Curie-Weiss law at PM region, i.e. c ¼

C
T�Tq

, where Tq is the Curie-Weiss temperature and C is the Curie

constant defined as: C ¼ NA
3kB

ðPexpeff Þ
2
, NA is the number of Avogadro,

kB is Boltzmanns constant, and Pexpeff is the experimental effective

moment. A linear fit to high temperature yields the Curie constant
(C¼ 3.984 emu K/mole Oe)) and the Curie-Weiss temperature
Tq¼ 150 K. The positive value of Tq confirms the existence of FM
exchange interaction in this sample. Based on the data of the Curie
constant obtained from the fitting, the effective PM moment



Fig. 2. (Color online) Left axes: Temperature dependence of magnetic susceptibility c

for (La0.5Pr0.5)0.67Ca0.33MnO3 measured under an applied field of 100 Oe; Right axes:
Temperature dependence of inverse susceptibility X�1 and the solid line represents the
linear fitting according to Curie-Weiss law; Inset shows the plot of isothermal
magnetization measured at 5.0 K. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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(Peff¼ 2.83
ffiffiffi

C
p

) is determined to be Peff¼ 5.65 mB. The theoretical
paramagnetic effective moment(mtheeff ) of LPCMO sample could be

deduced according to the following relation [19].

mthe
2

eff ¼ 0:335g2Pr3þ JPr3þðJPr3þ þ 1Þ þ 0:67g2Mn3þ JMn3þ ðJMn3þ þ 1Þ
þ 0:33g2Mn4þ JMn4þðJMn4þ þ 1Þ

(1)

where g is the Lande factor and J¼(L þ S) is the total angular
moment. For Mn3þ/Mn4þ ions, we have J¼ S due to the absence of
orbital moment. Here, the spin-only moment of the free ions Pr3þ,
Mn3þ, and Mn4þ are 3.58, 4.90, and 3.87mB, respectively. Based on
Eq. (1), we obtained the theoretical moment mtheeff was equal to
5.032mB, which was basically close to the experimental effective
moment mexpeff of 5.65mB.

The inset of Fig. 2 shows the isothermal M(H) curve measured at
5.0 K. The magnetization increases sharply and then tends to
saturation as the applied magnetic field approaches to m0H¼ 0.8 T,
indicating the ground state is of FM phase. Here, the saturated
magnetization (MS) can be obtained from an extrapolation of the
high field M(H) curve to m0H¼ 0, and the value of MS¼ 3.42 mB is
determined. According to Rhodes-Wohlfarth criterion [20], the
degree of itinerancy can be determined from the ratio of Peff to MS.
The ratio is close to one for the localized moment whereas it is
larger than one for the itinerant moment. Here, the ratio of 1.65
implies that the LPCMO electrons possess an itinerant character.

In general, for the PM state of an isotropic magnetic system, its
EPR spectrum usually shows as a differential Lorentzian curve. Two
typical EPR spectrum of LPCMO sample were plotted in the inset of
Fig. 3(a). One is measured at 300 K and the other is measured at
200 K. Both of them are far above TC¼ 131.5 K and the system is in
the PM phase. As T< TC, a strong FM resonance peak occurs at the
low field regime and replaces the previous PM resonance peak
since that the generation of FM phase enhances its inner magnetic
field. Fig. 3(a) shows the EPR spectrum measured from 125 to 90 K.
Clearly, in contrast to the general characteristic of FM resonance,
there are two resonance peaks rather than a single peak at the same
temperature in Fig. 3(a). The left peak of the low field region is FM
peak whereas the right peak of high field region is PM peak. This
means that two different magnetic states coexist in the tempera-
ture region of 90<T<125 K, showing as a typical characteristic of
PS. Similarly, in the compound (La0.4Pr0.6)0.67Ca0.33MnO3[21], such a
PS behavior has been also reported.
As is well-known, the double-exchange (DE) interaction be-

tween Mn3þ and Mn4þ are mainly responsible for a strong PM-FM
phase transition in the doped perovskitemanganites. Normally, in a
fully homogeneous DE system, one would expect a pure FM phase
below TC. Here, the appearance of PS behavior implies a consider-
able inhomogeneity in the current LPCMO sample. In order to
testify this conjecture, we study the asymmetry factor (A/B, see
inset of Fig. 3(b)) of the measured EPR spectrum below 300 K.
Before performing the measurement in this work, the LPCMO bulk
was first pulverized to make it become a perpusillus powder. Thus,
the asymmetric PM signal due to the effect of the shape anisotropy
and selectional distribution of PM orientation can be effectively
avoided. Fig. 3(b) shows the variations of asymmetry factor as a
function of temperature. If the deviation no more than 1% can be
thought as a regular error, the deviation larger than 1% should be
referred to an existence of inhomogeneity. As shown in Fig. 3(b), at
the range of 180 K< T<300 K, all the values of A/B are intermediate
between two yellow imaginary line where the deviation value
corresponds to ±1%. Based on the previous consideration, it is
concluded that the sample is in homogeneous PM state as T>180 K.
Conversely, at T<180 K, the value of asymmetry factor shows a
sharp increase and significantly displaces from the center of regular
error. The variations of asymmetry factor imply the existence of
inhomogeneity. In fact, the asymmetry factor deviated from regular
error is also consistent with the X�1ðTÞ curve which deviates from
the Curie-Weiss law just at 180 K in Fig. 2. Both behaviors occurred
at the same temperature further indicate the existence of PS (FM
phase separates from PM phase) in LPCMO sample.

Apart from the discussion of PS, we turn to study the magnetic
behavior in the temperature region of T > TC where the sample is in
PM state. In order to clarify the relaxation mechanism, the EPR
spectrumweremeasured up to the temperature of 500 K. As shown
in Fig. 4, a series of single EPR resonance lines with a differential
Lorentzian shape (dP=dH) were observed. The resonance position is
almost at m0H¼ 0.33 T. The inset shows the magnified plot of EPR
spectrum from 170 to 130 K. Obviously, the EPR spectrum exhibits a
remarkable shift only from 130 K, in agreement with the PM-FM
phase transition observed on M(T) curve at 131.5 K. The magnetic
coupling intensity can be reflected from the change in effective g-
factor, which can be calculated from the resonance field formula
g ¼ hn=mBHres (h is the Plank constant; n is the frequency of mi-
crowave; mB is the Bohr magnetor). Fig. 5 plots the variation of g-
factor dependence on temperatures. It is found that the g-values
are nearly temperature independent except for those close to
T¼ 300 K. In the PM region, the free electron value ge is about
�2.0023. In the previous work, Rao et al. reported that there was a
universal feature in manganites in which the g-value for the hole-
doped sample is more than ge whereas it is less than ge for the
electron-doped one at room temperature [22]. Here, the variation
of g-values in Fig. 5 is basically consistent with this one feature.
Above TC, the g-values slowly increase with the decrease of tem-
perature. Below TC, the g-values increase dramatically from 2.1 to
2.34 but shift to decrease from T¼ 115 K. In order to reflect this
variation more clearly, the inset of Fig. 5 presents the absorption
spectrum as a function of field in some representative tempera-
tures. Obviously, the peak of resonance field gradually shifts to low
field regime as temperature decreases from 350 to 130 K. The var-
iations of g-factor can be understood from the enhancement of the
spin-orbit coupling constant and the orbital ordering when the
temperature approaches the point of PM-FM phase transition from
high temperature. These variations directly influence the crystal
field splitting and hence can result in a rising of g-factor. In fact, the
orbital ordering associated with PM-FM phase transition has been
widely testified by many neutron scattering experiments [23,24].



Fig. 3. (Color online) (a) EPR spectrum of (La0.5Pr0.5)0.67Ca0.33MnO3 at temperatures of 125 KPTP90 K and inset show two representative paramagnetic resonance curves at 200
and 300 K; the marks ``∧" and ``△" denote the position of the ferromagnetic and paramagnetic signals, respectively. (b) Asymmetry factor (A/B) dependence of temperature and two
dashed lines represent the deviation of ±1%; Inset shows the low and high field maximum value (A and B) of ESR signals. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 4. (Color online) EPR spectrum of (La0.5Pr0.5)0.67Ca0.33MnO3 at temperatures of 180
K#T#500 K; Inset shows the magnified EPR spectrum at 130 K#T#170 K. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 5. (Color online) Effective g-factor as a function of temperature; Inset shows the
absorption spectrum as a function of field at some selected temperatures. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 6(a) shows the temperature dependence of the EPR peak-
peak width (DHPP) which is defined as the width between the
highest point and the lowest one in the EPR spectrum for LPCMO
sample. One minimum linewidth occurs in 140 K whereas the DHPP
increases as temperature below and above TC. Obviously, a quasi-
linear variation of EPR linewidth occurred at T > Tmin is a universal
nature for the hole-doped perovskite manganites. In general, the
broadening of EPR linewidth arises from shortening of spin-lattice
relaxation time at T> TC due to the hopping of eg electrons via spin-
orbit coupling whereas from the formation of spin cluster glass
state at T<TC where somemagnetic moments are frozen. So far, for
the most of hole-doped manganites, the conduction mechanism of
PM regime is extensively studied with the adiabatic small polaron
hopping model. Considering that a similar behavior between
temperature dependence on EPR linewidth and conductivity has
been found [13], Shengelaya et al. proposed a so-called “bottleneck
model ” to describe the DHPP vs temperature by using the following
formula [25]:
DHPPðTÞ ¼ DH0 þ
A
T
expð�Ea=kBTÞ (2)

where A is a constant and Ea is the activation energy for small
polaron hopping. Meanwhile, the activation energy Ea can be ob-
tained from fitting data by Eq. (2). Fig. 6(b) plots the ln(DHPPT) vs
1000/T and the straight line represents the fitting results. The
activation energy Ea is 71.57meV. As for the hole-doped manga-
nites, the conductance is achieved by the eg electronic hoping.
Therefore, the relaxation of exchange coupled localized spins
(Mn4þ) to the lattice occurs via conduction electrons (Mn3þ). Due to
lattice distortion, the mobility of eg electron is reduced resulting in
the localization of carriers and the formation of polaron. Here, the
substitution of Pr3þ ion on A-site sublattice exacerbates lattice
distortion giving rise to the formation of polaron. Thus, the spin-
lattice relaxation mechanism is suitable for describing the quasi-
linear variation of EPR linewidth dependence on temperature for
LPCMO sample.

Besides the g-factor and peak-width DHPP, the intensity of EPR



Fig. 6. (Color online) (a) EPR linewidth DHPP vs T; (b) EPR linewidth plotted as ln(DHPPT) vs 1000/T (the solid line represents the fitting results with equation (1)); (c) Temperature
dependence of the double integrated intensity DIN(Inset represents the EPR intensity IEPR(solid squares) and Xdc (solid circles) vs T at different temperatures.); (d) Arrhenius plots of
DIN and the solid line represents the fitting results with equation (3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 1
Values of DHPPð∞Þ for manganite with different percentage of Mn3þ/Mn.4þ

Composition Ref. DHPPð∞Þ (Oe)
(La0.5Pr0.5)0.67Ca0.33MnO3 this work 1617
La0.5Ca0.5MnO3 [15] 1600
La0.67Ca0.33MnO3 [14] 2400
CaMnO3 [15] 1050
LaMnO3 [35] 2600

L. Chen et al. / Materials Chemistry and Physics 212 (2018) 230e236234
spectra is also an important parameter to provide some informa-
tion about the magnetic correlations of material. Generally, the
intensity of EPR spectra can be calculated by the double integration
of EPR spectra (dP=dH). Fig. 6(c) presents the results of the
normalized double integrated intensities (DIN). Similar to the
variation of g-factor, the value of DIN progressively enlarged as for
the development of FM ordering with the decrease of temperature
but decreased from T¼ 140 K. For comparison with magnetization
of PM region, the inset of Fig. 6(c) shows the EPR intensity (IEPR) and
the dcmagnetic susceptibility (Xdc) versus temperature. Clearly, the
variation of IEPR basically agrees with the variation of Xdc(T), indi-
cating that themagnetic variations detected fromEPR spectra are in
perfect accordance with the results obtained from magnetization
measurements. In PM region, the EPR intensity is usually described
by the thermally activated model(the Arrhenius law) [14,26]:

DINðTÞ ¼ I0expðEa=kBTÞ (3)

where Ea is the activation energy for dissociation of paramagnetic
spin clusters. As show in Fig. 6(d), the activation energy was
deduced to be 64.22meV, which is very close to the value deduced
from the temperature dependence of EPR linewidth
(Ea¼ 71.57meV). Both values are at the range of the typical acti-
vation energy (50e100meV) for small polarons hopping in PM
manganites [27,28]. Here, a similar result obtained from two in-
dependent methods reflects the existence of polarons hopping
above TC. Therefore, it is reasonable that the quasilinear variation of
peak-peak width observed in LPCMO sample is attributed to the
spin-lattice relaxation mechanism.

In fact, for PM EPR linewidth, the quasilinear variations of peak-
peakwidth dependence on temperature can been also explained by
spin-spin relaxationmechanism. Huber et al. proposed that the EPR
linewidth was determined by spin-spin interaction rather than
spin-phonon (lattice) exchange interaction. It was suggested that
approaching TC from higher temperatures gives rise in lengthening
the relaxation time and correlation length of critical region due to
the development of FM ordering. This results in a narrower EPR
linewidth at critical region compared with that in high temperature
region. The strong support for this viewpoint comes from the
amazing agreement between their theoretical calculation and
experimental results [15]. Here, we also need to clarify whether
there are some possible applicability to understand the quasilinear
EPR linewidth in Fig. 6(a) by the spin-spin relaxation mechanism.
According to Hubei's theory, the linear dependence of linewidth is
attributed to critical and non-critical contributions. Both contri-
butions for the linewidth can be written with

DHppðTÞ ¼ Z½cþ f ðεÞ�
gmBTc0

(4)

where f(ε) is the critical contribution to DHPP from spin-spin
coupling, which is significant only for ε¼(T-TC)/TC#0.1 and c is
non-critical contribution to DHPP from spin-lattice (phonon) in-
teractions for T[TC. Here, we mainly consider the PM region
where the temperature is T[TC. Thus, the second term f(ε) in the
nominator of Eq. (4) can be ignored and Eq. (4) is simplified as:

DHppðTÞ ¼ DHPPð∞Þ C
Tc

(5)

where c is the measured paramagnetic susceptibility and DHPPð∞Þ
is the linewidth expected at temperature high enough. For com-
parison, the value of DHPPð∞Þ for LPCMO and some relate manga-
nites are summarized in Table 1. Obviously, the value of DHPPð∞Þ ¼
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1617 Oe is within a reasonable and normal range. Due to the spin-
phonon interactions (vibrations of the lattice) dependence on the
variation of temperature, if there is no contribution to the linewidth
from spin-phonon interactions, the product DHPPTc should be a
temperature independent constant. Namely, in this case, it must be
spin-spin relaxation rather than the spin-lattice relaxation which
contributes to the PM linewidth. Fig. 7(a) shows the product
DHPPTc as a function of temperature above TC. A horizontal line
observed at T >150 K clearly indicates that the value of DHPPTc is
independence on temperature. Obviously, this result completely
contradicts the foregoing analysis that it is the spin-lattice relaxa-
tion contributed to the PM linewidth in LPCMO sample.

In general, for themost of manganites, the spin relaxation can be
understood by either of the two mechanisms mentioned above.
Here, the coexistence of both relaxation mechanisms in one ma-
terial implies that the multiple spin exchange interactions (spin-
lattice, spin-spin) generate in LPCMO sample. As we know, the
prototypical manganite (La1-yPry)1-xCaxMnO3 is a typical material of
PS, in which the competition among the ferromagnetic metallic,
charge ordered insulating and paramagnetic insulating phases
brings multiphase coexistence over a board range of temperatures
[29,30]. Here, (La0.5Pr0.5)0.67Ca0.33MnO3 is one of compositions of
(La1-yPry)1-xCaxMnO3. We propose the following scenario to un-
derstand why there are multiple spin exchange interactions in
LPCMO sample. Because the hole-dopedmanganites are apt to form
an inhomogeneous distribution due to self-organizing growth, La3þ

ions and Pr3þ ions respectively concentrate in different regions.
Thus, some microclusters/domains are La0.67Ca0.33MnO3 but others
are Pr0.67Ca0.33MnO3. Due to the inherent discrepancy for the
cationic radius of La3þ and Pr3þ, their electronic structures and
spin-lattice coupling are not the same. Their electronic transports
may be realized by the thermal activation and/or small polarons
hopping. Both are all frequently observed in PM region of the hole-
doped manganites [31,32]. Nevertheless, at the moment we are
unable to distinguish the regions whose carriers are electrons or
small polarons. Further investigation is needed, both theoretical
and experimental, to resolve this problem. However, the scenario
suggested here clearly points out that LPCMO sample forms some
different regime which possesses different spin exchange interac-
tion. So, two kinds of spin relaxation mechanisms co-occur in this
material.

Based on the above discussion of relaxation mechanisms, we
can study the spin dynamics in LPCMO sample by calculating the
spin relaxation time (t). The spin relaxation rate T�1 is equal to
ð2T1Þ�1 þ T�1

2 , where T1 is longitudinal relaxation time and T2 is
transverse relaxation time. Generally, the former (T1) is difficult to
be measured because the power of standard pulse is far from the
requested values of microwave power level. Therefore, the value of
Fig. 7. (Color online) (a) Temperature dependence of the product DHPPTc and inset shows
relaxation rate (T�1

2 ) (left, solid square) and ðTXdcÞ�1 (right, solid line) dependence of tempe
referred to the Web version of this article.)
T1 is rarely discussed as well. Here, we mainly study the transverse
relaxation time (T2). In fact, the measuring of the EPR linewidth is
only correlatedwith the transverse relaxation time. Their relation is
represented as follows:

t2 ¼ 2
ffiffiffi

3
p

gDHPP
(6)

where g is the electronic spin gyromagnetic ratio. As shown in the
inset of Fig. 7(a), the transverse relaxation time T2 increases from
0.04 to 0.16 ns with the decrease of temperature. The variation
range of T2 obtained in LPCMO sample is basically consistent with
the previous reports on other manganite materials. As the tem-
perature approaches TC from higher temperatures, the FM coupling
progressively develops and the FM correlations strengthen. As a
result, the fluctuating internal field (Hi) is weakened and sup-
pressed, which facilitates the enhancement of transverse relaxation
time. On the other hand, according to “noncritical Huber law” [33],
the transverse relaxation rate T�1

2 also satisfies the following
relation:

t�1
2 f

1
Tcdc

(7)

In order to further validate the obtained time T2, the left and
right axes of Fig. 7(b) respectively show the variation of T�1

2 vs
temperature and the 1=ðTcdcÞ vs temperature. Obviously, above
200 K, both lines basically overlap each other and show a uniform
variation indicating that the transverse relaxation time t2 obtained
above is accurate. Below 200 K, the separation of both lines is on
account of the temperature which starts to approach the critical
region. In fact, as shown in the inset of Fig. 7(a), the drastic decrease
for the transverse relaxation time t2 from T¼ 140 K is completely
consistent with the variation of the asymmetry factor (A/B) in
Fig. 3(b). In such a region, with the development of FM correlations
upon cooling, the system generally generates non-uniform
magnetization due to the local chemical inhomogeneous in
ceramic samples. Thus it causes the broadening lingwidth near
below TC. By contrast, the absences of the broadening lingwidth
have been verified in high-quality single crystal (La0.67Sr0.33MnO3
and Pr0.67Sr0.33MnO3) with perfect surface [34].

4. Conclusion

In summary, the magnetic properties and spin relaxation
mechanism have been investigated in the hole-doped manganite
LPCMO. We find the sample shows a PM and FM phase separated
state near below TC. Above TC, a quasilinear variation of peak-peak
width of EPR spectrum, being a common characteristic of
transverse relaxation time (T2) as a function of temperature; (b) Plots of transverse
rature. (For interpretation of the references to colour in this figure legend, the reader is
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manganite in PM region, has been observed until to 500 K. Different
from the usual beliefs, this variation can be explained by two spin
relaxation mechanisms, indicating the coexistence of spin-lattice
and spin-spin relaxation in LPCMO material. We suggest that the
existence of multiple spin exchange interactions mainly arises from
the local chemical inhomogeneous which cause the formation of
variational regime with different carries. Moreover, the deduced
transverse relaxation rate T�1

2 also obeys “noncritical Huber law” in
a wide temperature range, indicating the decrease of noncritical
relaxation time due the weakness of FM correlation upon heating.
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