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Abstract

Electron spin resonance (ESR) spectra of polycrystalline Lag 75(Ca,Sri_y).25MnO3 (x = 0,
0.45, 1) were studied within the temperature range 110 K < 7' < 470 K. The temperature
dependence of the ESR intensity for the samples is described by a thermally activated model in
the paramagnetic regime. It is found that the activation energy in the orthorhombic phase is
higher than that in the rhombohedral phase for Lag 75(Cag 45510.55)0.25MnO3. It is suggested that
a higher energy is required to destroy the correlated polarons due to the fact that correlated
polarons only exist in the orthorhombic phase. This proposition is confirmed by the analysis of
the ESR linewidth data, which can be well fitted by the model of adiabatic hopping motion of
small polarons. In addition, it is found that, at a fixed temperature, the linewidth decreases with
increasing Sr doping, which reveals that the structural tolerance factor has a significant effect on

the linewidth.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Manganites R;_,AxMnOs (R = La, Pr, Nd, etc, and A = Ca,
Sr, Ba, Pb, etc) have attracted a great deal of interest
because of the colossal magnetoresistance effect (CMR). The
CMR effect usually appears in the vicinity of the transition
from a paramagnetic insulating state (PI) to a ferromagnetic
metallic state (FMM). The ferromagnetic metallic state
is conventionally explained by the double exchange (DE)
model [1], where the hopping of an itinerant e, electron from
the trivalent Mn>* to the tetravalent Mn*" site facilitates both
ferromagnetism and electrical conductivity. However, the
model is not adequate to explain the high resistivity of the PI
state and the physical properties of the PI state are still unclear
now [2].

Recently, a great deal of theoretical and experimental
work has revealed that nanoscale lattice polarons resulting
from electron—phonon coupling via the Jahn-Teller active
Mn®" play a key role in the manganites [2-5]. Pulsed
neutron diffraction research of polycrystalline La;_, SryMnOs3
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observed local lattice distortions arising from the Jahn—
Teller interaction and the lattice distortions are related to the
polarons [3]. A single, isolated lattice polaron forms when an
e, electron localizes on an Mn®" site to minimize the energy,
and the surrounding Mn** Qg octahedron distorts due to the
Jahn-Teller interaction. Nanoscale structural correlations
with a correlation length of several lattice constants have
been observed by synchrotron x-ray and neutron diffraction
experiments [5]. The structural correlations contribute to
the interaction of polarons through the overlapping long-
range lattice distortions and a correlated polaron develops.
The development of correlation between polarons seems to
be related to the formation of a charge ordering state [6].
The presence of the correlated and uncorrelated Jahn—Teller
(JT) polarons was detected in the paramagnetic phase of
several manganite samples by x-ray and neutron scattering
studies [5-7]. However, based on our knowledge, up to
now, there is no report about the typical value of the polaron
correlation energy. To elucidate the realistic structure of
the correlated regions and the physics of polarons, more
experiments are needed.

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Temperature dependence of ESR spectra: (a) LSMO, (b) LCSMO, (¢) LCMO.

Recently, x-ray and neutron scattering measurements of
single-crystalline Lag75(Cag45Sr0.55)0.20sMn0O3, which under-
goes a transition from an orthorhombic state to a rhombohe-
dral state in the paramagnetic region, have established that the
uncorrelated polarons are present in both orthorhombic and
rhombohedral phases, while the correlated polarons only ex-
ist in the orthorhombic phase [8]. Kiryukhin et al proved
by the analysis of electronic bandwidth that the structural
change has a negligible effect on the transport properties and
the larger electrical resistivity in the orthorhombic state for
Lag.75(Cag45Sr0.55)0.2sMnO3 was attributed to the presence of
the correlated polarons [8, 9]. However, the magnetic behav-
iors of the correlated and uncorrelated polarons have been less
investigated so far. On the other hand, it is well known that
electron spin resonance (ESR) is a powerful technique to study
the static and dynamic magnetic correlations of manganese
perovskites [10-13].

In this work, polycrystalline Lag75(Ca,Sri_y)025sMnO3
(x = 0, 045, 1) samples were measured by the
ESR method to study the spin dynamics of the polarons.
A detailed investigation of the temperature dependence
of the intensity, ESR linewidth and resonance field for
Lag75(Ca,Sri_y)025Mn0O;3 (x = 0, 0.45, 1) was reported. The
temperature dependence of the intensity in the PM regime was
analyzed by a thermally activated model. It was found that the
activation energy in the orthorhombic phase is higher than that
in the rhombohedral phase for Lag.75(Cag.45S10.55)0.25MnQOs3.
It is suggested that a higher energy is required to destroy the
correlated polarons.

2. Experimental details

The polycrystalline samples of Lag7s5(Ca,Sri_y)0.25sMnO3
(x = 0, 0.45, 1) were synthesized by a conventional solid-
state reaction (SSR) method. The stoichiometric amounts of
high-purity La;O3, SrCO3;, CaCO3; and MnO, powders were
mixed and pre-sintered at 950 °C for 14 h, and then repeatedly
ground and heated at 1200 °C and 1300 °C for 24 h and 48 h,

respectively. After grinding, the mixture was pressed into
pellets and sintered at 1350 °C for 36 h. The crystal structure
and phase purity were determined by an 18 kW rotating anode
x-ray diffractometer (XRD, Type MXP18AHF, MAC science)
to ensure getting pure final products. ESR spectra were
taken with a JES-FA 200 spectrometer at 9.06 GHz. The
measurements were performed on small loose-packed powders
(about 5 mg).

3. Results and discussion

X-ray diffraction patterns indicate that the structures of
Lag 75Cag 2sMnO3 (LCMO) and Lag 75(Cag 45510.55)0.2sMnO3
(LCSMO) are orthorhombic, while Lag 75Srg »5sMnO3 (LSMO)
is rhombohedral at room temperature. From high temperature
x-ray diffraction studies of LCSMO, it is found that, upon
increasing temperature, there is a structural transition from the
orthorhombic phase to rhombohedral phase at 7s ~ 355 K,
which coincides with the results reported by Kiryukhin et al
[8, 9].

The ESR spectra at some representative temperatures for
LCMO, LSMO and LCSMO are shown in figure 1. From
figure 1, it can be seen that for LSMO, at high temperatures
above Tc ~ 360 K, the ESR spectrum consists of a single
Lorentzian line with a g factor value near to 2.00. Below
360 K, an obvious asymmetric ESR signal appears and
the signal shifts to lower resonance field with decreasing
temperature due to the FM double exchange between Mn’**
and Mn** ions. For LCMO, above 250 K, the ESR spectrum
is characteristic of a PM signal. Below this temperature, the
ESR signal splits into two lines with decreasing temperature:
one has the PM characteristic and the other one shifts to
lower field upon cooling, which shows the character of FM
resonance. Study of LCMO by Ccahuana et al [14] revealed
that the coexistence of PM and FM resonances is due to the
short-range FM order, and this phenomenon is referred to as
a Griffiths phase. The temperature below which FM and PM
resonances begin to coexist is defined as 7 [14, 15]. Below
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Table 1. The experimental and fitting parameters for LCMO, LSMO and LCSMO. (Note: 7¢ and Tg are defined as the same with [10]; Ty,
corresponds to the narrowest linewidth; E,; and E,, are the fitting parameters of equations (1) and (3), respectively.)

Sample Te (K)  Thin (K)  Eyi (eV) Eyp (eV) !
LCMO 220 260 0.108 £0.0006  0.106 £ 0.001  0.9662
LSMO 360 370 0.220 £ 0.004 0.149 £0.007  0.9749
LCSMO (345-370K) 310 340 0.243+£0.002  0.394+£0.003 0.9711
LCSMO (390-470 K) 0.181 £ 0.001 0.124 £ 0.004
Tc ~ 220 K, PM resonance disappears and the FM resonance 4.0 v T v T v T v T
signal shifts to lower field with decreasing temperature, as 35 I °
shown in figure 1(c). The above ESR results of LCMO ) v
are consistent with the reports of Ccahuana er al [14]. For __30F (a)LsmoO
LCSMO, a similar phenomenon to that of LCMO can be 2 . (b) LCSMO
seen in the ESR spectra. Magnetization measurements on % 25 [
Lay/3(Caj—,Sry)1,3MnO3 with different doping by Rivadulla g 20k (c) LCMO
et al revealed a Griffiths phase in their samples [16]. In this = -
work, by the same consideration, it is proposed that, for the ‘E’ 151
polycrystalline LCSMO sample, the coexistence of FM and 1.0 I
PM resonances may connect with the Griffiths phase. From s
figure 1(b), the T of LCSMO is about 310 K and Tg is about 0.5F
330 K. The values of T¢ for all samples are summarized in 0.0 [ ) , ) , ) , ) , )
table 1. 2.0 25 3.0 3.5 4.0 4.5

The intensities of the ESR spectra for the three samples
can be obtained by double integration of the derivative spectra.
It is well known that, within the PM regime for the manganites,
the ESR intensity /(7) can be described by a thermally
activated model, i.e. the Arrhenius law:

o)
B

where [ is a constant, kg is the Boltzmann factor and E,; is
the activation energy for the dissociation of FM clusters [17].
The experimental data and the linear fitting curves (solid lines)
of In(Z) versus 1000/ T are plotted in figure 2. As shown in
figure 2, for LCMO and LSMO, the data can be well fitted
with a straight line in the temperature range above about 1.17¢
using equation (1). Ej,; values obtained by the fitting are shown
in table 1. It can be seen that the activation energy of LSMO is
higher than that of LCMO. Liu et al [12] have studied the spin
dynamics of La;_,Ca,MnOj; with different Ca doping by ESR
spectra. By fitting the intensity they found that the activation
energy E, values display a peak at x = 3/8 where the FM
coupling is the strongest. It is proposed that a large activation
energy was required to disrupt the spin alignment of adjacent
Mn** and Mn** ions due to the strong DE interaction [12].
ESR spectrum investigation of polycrystalline La;_,Pb,MnOj3
(0.1 € x < 0.5) samples by Phan ef al has revealed the
same phenomenon [13]. As it is known that the DE interaction
energy in LSMO is stronger than that in LCMO, to break this
strong interaction a higher energy is required. For LCSMO, the
data cannot be fitted by one straight line, and two straight lines
with different slopes were used to fit the data. As can be seen
in figure 2, the data can be well fitted with two straight lines
with a crossover at T & 380 K. The fitting values of the data in
two different regimes are shown in table 1. It can be seen that
the fitting value E,; in the orthorhombic phase is higher than
the value E,; in the rhombohedral phase. It is established that

I(T) = Iyexp <—

1000/T

Figure 2. Experimental and fitting plots of In(/) versus 1000/ T for
LSMO, LCSMO and LCMO.

the correlated polarons are present only in the orthorhombic
phase [8, 9]. The formation of the correlated polarons is due
to the interaction of the polarons with each other through long-
range lattice distortions. However, the correlated polarons are
absent in the rhombohedral phase. The bonds of the correlated
polarons are destroyed, while the structure changes from the
orthorhombic phase to the rhombohedral phase. It is suggested
that to destroy the interaction of the correlated polarons a
higher energy is required, which leads to a higher E,; value
in the orthorhombic phase than in the rhombohedral phase.

It is reported that the ESR spectra in the paramagnetic
regime can be fitted by the form including both absorption
and dispersion [12, 13]. In this work, however, it is found
that the resonance line can also be well fitted by an equation
including Lorentz and Gauss lines, which can be expressed as
follows [18]:

dpP d AH
— X — |
dH dH 4(H — Hr)2 + AH?
+ (= a)— R = Hof )
D Am P AH?

where « denotes the ratio of the Lorentzian shape part,
H, is the resonance field and AH is the linewidth. The
temperature dependence of the ESR linewidth AH is shown
in figure 3. It can be seen that the linewidth gradually
decreases with decreasing temperature. On approaching T¢
from high temperature, AH (T') goes through the narrowest
value at Tpin > Tc. Below Ty, the linewidth increases
rapidly because of the development of FM correlations [13].
The temperature Tr,;, values corresponding to the narrowest



J. Phys.: Condens. Matter 21 (2009) 046002

H P Yang et al

1400

1200

[~—400.
)

LCMO

1000

800

AH (KOe)

600

400

| IR U U U ST T ST NI E— E——

200 al
240 260 280 300 320 340 360 380 400 420 440 460 48
T (K)

Figure 3. Temperature dependence of the ESR linewidth A H for the
samples. Solid lines represent the fitting above T}, using

equation (3). The inset shows the data fitting of LCSMO between
345 and 370 K.

ESR linewidth of the three samples are listed in table 1.
Shengelaya et al found that the temperature dependence of the
ESR linewidth in the paramagnetic regime can be interpreted
by the model of adiabatic hopping motion of small polarons,
which is consistent with the existence of a bottleneck ESR
regime [10]. The model can be expressed by the following
equation:

AH(T) = AHp+ 2 Ea 3)
= — X —
0T T P\ T T

where AHy and A are constants, and E, is the thermal
activation energy. The solid lines in figure 3 represent the
fitting of the experimental data. The E,, values obtained by
fitting equation (3) are presented in table 1. For LCSMO, it
is found that the thermal activation energy E,; in the region
where orthorhombic phase dominates is higher than that in
the rhombohedral phase. The activation energy is thought to
be related to short-range correlations of a double exchange
origin in mixed-valent Mn**—Mn** clusters above Tc [17].
The higher energy reflects the stronger intercluster interactions.
It is established that the correlated polarons are only present
in the orthorhombic phase, which is attributed to a higher
energy in the orthorhombic phase than that in the rhombohedral
phase. The result is similar to the higher E,; value obtained by
fitting of In(7) in the orthorhombic phase, which confirms the
supposition that a higher energy is required to dissociate the
magnetic interaction in the correlated polarons. For LSMO and
LCMO, from the fitting values E, it can also be seen that the
energy in LSMO is higher than that in LCMO. It can attribute
to a stronger DE interaction in LSMO than in LCMO and a
higher energy is required to destroy the stronger interaction.
From figure 3, it is found that, at a fixed temperature,
the linewidth AH decreases with increasing Sr doping. By
the ESR study of Pry7Srp;_,Ca,MnOs;, Gundakaram et al
explained the phenomenon on the basis of the change in the
tolerance factor [19]. The tolerance factor f is defined as
(ra + ro)/\/i(rB + ro), where ra, rg and ro are the ionic

1717 17T 7T 17 7T T1 17T 71 7177
2.04 u
= LSMO
2.02 A LCMO
@ LCSMO
52.00—
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Figure 4. Temperature dependence of g factors for LCMO, LCSMO
and LSMO.

radii of the A, B and oxygen ions in the ABOj structure,
respectively. The tolerance factors were calculated using the
average ionic radii of the samples, as shown in table 1. From
table 1, we can see that ficmo < fLesmo < fLsmo, While the
linewidth AH decreases from LCMO to LSMO at the same
temperature. These results suggest that the tolerance factor has
a significant effect on the linewidth. It is established that the
broadening of the ESR linewidth is caused by the spin-lattice
relaxation. The hopping rate of the e, electrons via the spin—
lattice coupling limits the lifetime of the spin state, which leads
to a broadening of the ESR linewidth [10, 20]. The increase of
the tolerance factor will lead to a decrease of the distortion in
the structure, which is supposed to decrease the electron—lattice
coupling and the linewidth A H decreases. To understand how
the tolerance factor acts on the ESR linewidth, however, more
work is needed.

The resonance field H, value can be obtained by fitting
the ESR spectrum. The g factor value was calculated using
the equation hv = gupH,;, where h, v and up are the
Planck constant, microwave frequency and the Bohr magneton,
respectively [12, 13]. The temperature dependence of the g
values for the samples are plotted in figure 4. From figure 4,
it can be found that, at high temperature in the paramagnetic
phase, g factors are almost temperature-independent. When
the temperature decreases near to 7¢, a rapid increase in g
factor can be seen due to the formation of a strong internal field,
which shows that FM interaction begins to play an important
role in the properties of the samples.

4. Conclusion

In summary, we have probed the magnetic behaviors of
polarons by ESR measurements of polycrystalline samples
La0,75(CaxSr1_x)o,25MnO3 ()C = 0, 0.45, ]). The
temperature dependence of the ESR intensity for the samples
in the paramagnetic regime is described by a thermally
activated model. It is found that the activation energy of
Lag7551925MnO;3 is higher than that of Lag75Cag25MnOs3,
which is attributed to the stronger exchange interaction of
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Lag 75S192sMnO3.  For Lag75(Cag.45510.55)0.2sMn0O;3, it is
found that the activation energy in the orthorhombic phase is
higher than that in the rhombohedral phase, which is suggested
that the correlated polarons only exist in the orthorhombic
phase and a higher energy is required to destroy the correlated
polarons. This proposition is confirmed by the analysis of the
ESR linewidth data, which can be well fitted by the model
of adiabatic hopping motion of small polarons. At a fixed
temperature the linewidth decreases with increasing Sr doping,
which reveals that the tolerance factor has a significant effect
on the linewidth. However, more theoretical and experimental
work is needed to understand the mechanism of the formation
of the correlated and the uncorrelated polarons, and the role the
tolerance factor plays in the ESR linewidth.
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