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Electron spin resonance (ESR) spectra of La, Pb MnO; (0.1 < x < 0.5) compounds were recorded at dif-
ferent temperatures. Asymmetrical and distored resonance signals due to ferromagnetic correlations at
temperatures 7’ < 7, became Lorentzian at T > T .. where T, is the temperature corresponding to the
narrowest ESR linewidth. The ESR linewidth with respect to temperature, AH(T), for the samples was fit-
ted to the one-phonon process, AH(T) = A + BT. We found that B decreased from 5.45 Oe/K for x = 0.1
to 4.61 Oe/K for x = 0.5, indicating the decrease of lattice distortions with the Pb addition. The tem-
perature dependence of the ESR intensity, /(T), for the samples was described well to an expression of

I(T) =1, exp (E/k;T). In the high-temperature region, 1//(T) obeyed the Curie—Weiss law.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

In recent years, the discovery of the so-called colossal magnetoresistance (CMR) effect around the fer-
romagnetic (FM)-to-paramagnetic (PM) phase transition temperature, 7, in the hole-doped perovskite
manganites system of R,_ 4! MnO, (R = La, Pr, Nd; 4’ = Ca, Sr, Ba, Pb, etc.) has renewed a great deal of
interest from research groups [1, 2]. Such interest started from a matter of fact that this material family
holds great promises for technological applications, including magnetic sensors, magnetic refrigerators,
magnetoresistive-reading heads, and magnetoresistive random access memory. As a function of tempera-
ture, magnetic field, doping, applied pressure, the average radius of 4-site ions (r,) and A4-site size disor-
der, their electrical and magnetic behaviors are extremely sensitive to those changes, and consequently,
these manganites display a phase diagram with enriching magneto-transport properties [1—3]. It is worth
to mention that it is possible to modify 7. to a value near and above room temperature, where such prac-
tical applications have been realized. Among CMR materials investigated, two systems of Sr- and Pb-
doped La, (Sr, Pb) MnO; manganites have been found to be the highest 7. values [1—12]. This was
explained in detail by Radaelli et al. [3]. It is interesting that La, .PbMnO; (0.1 < x < 0.5) compounds
with their 7. values around 300 K could promising potentials for high-temperature applications [4—14].
Historically, La,  ,Pb,MnO; compounds have been studied since 1970s. At that time, CMR occurring
near 300 K was observed in these materials [4—6]. Based on experiments of X-ray and ultraviolet photo-
emission, Alvarado et al. [5] revealed an existence of the double-exchange conduction band in the FM
regime, 7 < T.. However, such previous works were sparse, not systematical, and only investigated on in
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a narrow range of the x value. Until 1995, the properties of La, .Pb,MnO; compounds with a wide dop-
ing range of 0.1 < x < 0.5 was investigated by Mahendiran et al. [7]. It was shown that 7 of the samples
investigated was between 300 and 340 K, and at a relatively low-doping level (x = 0.1) the CMR value at
300 K was 80% at 6 T [7]. At the same time, Jia et al. [8] also reported that CMR of a La,Pb, ,MnO;
single crystal reached a maximum value of 64% at 6 T. Recently, Pb-doped manganite films for mag-
netic tunnel junctions have been fabricated and studied by Yamada et al. [13]. Obviously, there has been
growing interest in La, ,Pb.MnO; [11-14] or perovskite manganites doped with Pb [8, 15] and such
works have indeed enriched more and more the electrical and magnetic properties of this materials fam-
ily. Nonetheless, a complete understanding of the internal dynamic properties of the Pb-doped mangan-
ites is not yet fulfilled.

In this context, electron spin resonance (ESR) has been proved to be useful for studying spin dynamics
of Mn*" and Mn*" ions, interaction mechanisms, and dynamical Jahn—Teller distortions in perovskite
manganites around 7. where the CMR effect often observes [16—28]. To the best of our knowledge, no
ESR study has been done systematically on La,_ Pb.MnO; compounds in a large range of compositi-
ons, e.g. 0.1 <x < 0.5. Therefore, we have used ESR to investigate the internal dynamic properties of
La,_,PbMnO; (0.1 < x < 0.5) polycrystalline manganites in a wide temperature range from around their
T values to ~500 K. The results obtained provide further understanding of the spin dynamics in Pb-
doped manganites.

2 Experiment

La, .Pb.MnO, (x = 0.1, 0.2, 0.3, 0.4, and 0.5) polycrystalline samples were prepared by conventional
solid-state reaction. Powder precursors of La,0;, PbO, and MnCO, with a purity of 99.9% were
stoichiometrically well-mixed and then pressed into five pellets. The pressed pellets were pre-sintered at
900 °C for 15 hrs, after several intermediate grindings and pressings. Finally, they were sintered at
920 °C for 15 hrs. The samples sintered at high temperatures were slowly cooled down to room tempera-
ture. These processes were carried out in the normal atmosphere condition. The quality of the final prod-
ucts was checked by powder X-ray diffraction patterns, D5005-Brucker. Electron spin resonance (ESR)
measurements on powdered samples of 20 mg were carried out by a JEOL-TE300 ESR spectrometer
operating at 9.2 GHz (X-band) in a temperature range from 7 to ~500 K.

3 Results and discussion

Before carrying out ESR measurements, their Curie temperature (7.) was determined to be 235, 310 and
~360 K for x = 0.1, 0.2 and x > 0.3 compositions, respectively, as summarized in Table 1. These results
are in good agreement with earlier reports [7—14].

Figure 1 shows ESR signals for the samples at some representative temperatures in the ferromagnetic
and paramagnetic phases. As can be seen that asymmetrical and distorted ESR signals at temperatures
T < T, become Lorentzian at temperatures 7 > T,,., where T,;, is the temperature corresponding to the
narrowest ESR linewidth [4, 17, 20, 30—33]; the average value of T, for the samples is about 1.17
[19]. Below T,,,, ESR signals are splitted into two lines [16, 28] corresponding to different resonance
positions H, [H, is indicated in Fig. 1(f)], as shown in Fig. 2. The first line shifts to low fields with de-
creasing temperature whereas the second one is temperature independent, excepting for the temperature
region 7 < ~0.87T,,, in that it shifts to higher fields with lowering temperature; this is probably due to
influences of localized magnetic moments [19]. Around T, these lines compete strongly in amplitude,
particularly for x = 0.1, 0.2, and 0.5 compositions. However, for x = 0.3 and 0.4 compositions in which
the ferromagnetic (FM) phase is dominate, there is the absence of drastic competition in amplitude of the
lines near 7,,,. This was evidently reflected by the occurrence of the sharp FM—PM phase transition
followed by the large-magnetic-entropy change in these samples [14].

To elucidate changes in ESR signals, we determined the temperature dependences of both the ESR
linewidth AH(T) and the peak-to-peak ESR linewidth AH,(T) for the samples, as defined in Fig. 1(f).
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Fig. 1 (online colour at: www.pss-b.com) X-band ESR signals for La, PbMnO; (x = 0.1, 0.2, 0.3, 0.4,
and 0.5) compounds at several selected temperatures. Asymmetrical signals or splitting into resonance
lines at temperatures 7 < T},;, become Lorentzian at 7> T, Tiin Values for the samples are summarized
in Table 1.

Because of AH = /3 AH,, [32], we only plot the AH data for the samples in Fig. 3(a, b). It should be
noticed here that the AH(T) data were obtained by using Eq. (1) to fit ESR signals recorded at different
temperatures; this is carried out when the linewidth is of the order of the resonance field [29].

As we can see clearly that AH first decreases, then reaches a minimum value AH,;, at T, and finally
increases with decreasing temperature, because of development of FM correlations [17, 23]. In the pre-
sent case, AH(T) considerably decreased as La was substituted by Pb in the doping range of x = 0.1-0.3
whereas it increased gradually for further addition of Pb, x > 0.3. It is generally known that the ESR
linewidth for manganites containing either Mn*" or Mn** ions individually is larger than that for mangan-
ites containing both these ions [18, 23]. Thus, the partial substitution of La by Pb introduces Mn*" ions
into the sample. When the ratio of Mn*"/Mn*" reaches 7/3 (x = 0.3), FM correlations are the strongest
thereby resulting in the lowest value of AH(T).

T -

a4 + 1
dH dH | 4(H +H,)’ +AH®> 4(H-H,)’ +AH’® M

Table 1 Experimental parameters determined for the La, Pb MnO, samples, the Curie temperature 7,
the temperature 7, where the ESR linewidth is AH ;, @ is the Curie—Weiss temperature, and 7, > T,;)

min min> min.

is a temperature which the theoretical functions fitting well to the experimental data.

x Te(K) T, (K) T.(K) OK) AH,;,(Oe) B(Oe/K) E, (V) E,(V)

0.1 235 290 303 274 703 5.45 0.089 0.107
02 310 363 368 332 552 5.21 0.093 0.147
03 358 382 388 357 376 4.98 0.187 0.194
04 360 378 388 353 384 4.80 0.164 0.184
0.5 355 368 373 336 392 4.61 0.128 0.173
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Concerning the mechanism of the broadening of AH(T) for the samples in the temperature region
T> T, it is caused by spin—spin and/or spin—lattice interactions in the one-phonon relaxation process
[17, 19—-21] or by dissociation of FM spin clusters (existing over a wide range of temperature) [18, 22—
24, 27, 28]. In the present report, our attempt has been made to account for temperature dependences of
the ESR linewidth and intensity /(7) in a temperature range 7; < 7 < 500 K, where 7} is summarized in
Table 1.

According to the one-phonon process, the increase of AH with respect to temperature is linear, given
by [19, 21]

AH(T)=A+ BT, (2)

where 4 is a constant, and B is a parameter being related to lattice distortions. Having used Eq. (2) to fit
the experimental data of AH(T), B was determined to be 5.45, 5.21, 4.98, 4.80, and 4.61 Oe/K for
x=0.1,0.2, 0.3, 0.4, and 0.5, respectively, see Table 1. It can be seen that, in the temperature range in-
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04
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Fig. 3 (online colour at: www.pss-b.com) Temperature dependence of AH data for the samples. (a) AH
data are fitted to the one-phonon relaxation process, Eq. (1); (b) AH data are fitted to the model of adia-
batic hopping motion of small polarons, Eq. (3).
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vestigated, B decreases with increasing the Pb-doped content, indicating a decrease of lattice distortions
in the samples. As shown in Fig. 3(a), a deviation between the experimental and theoretical curves at 432
and 463 K, respectively, is observed for x = 0.1 and 0.2 compositions. This is related to a gradual transi-
tion from the bottleneck regime to the regime in that the rapid spin—lattice relaxation becomes compara-
ble to the spin—spin relaxation [17, 19]. However, such behavior is not observed for x > 0.3 composi-
tions. In fact, in the temperature region where Eq. (2) gives the best fit to the obtained AH(T) data, the
Lande factor g = ~2.0 is temperature independent, meaning that spin—spin relaxations between the ex-
change couplings of Mn*"—Mn*" are predominate. For x = 0.1 and 0.2 compositions, an additional pres-
ence of the spin—lattice relaxation at high temperatures caused a slight reduction of g (see Fig. 4). In our
system, the values of g were simply obtained using an equation [29, 34]

hv

, (€))

where %, v, and u are the Planck constant, the microwave frequency, and the Bohr magneton, respec-
tively. Obviously, one emerging question is what theoretical models can be used to explain AH(T) data in
the temperature region where the spin—phonon coupling occurs strongly?

To clarify this, the temperature dependence of the ESR linewidth has been further investigated in the
temperature region 7 > 7;. According to the model of adiabatic hopping motion of small polarons [4,
24], the AH(T) data can be described by the following expression

A E
AH(T)=AH, + - v 4
(T) 0 TeXp(kBTj “)

where k; is the Boltzmann factor, AH, and A’ are constants, and £, is the thermal activation energy. The
solid lines in Fig. 3(b) represent the best fit to Eq. (4) with activation energy values which denoted as E;
in Table 1. Considering the model, the broadening of EPR spectra as increasing temperature is suggested
to be related to the hopping rate of charge carriers that limited the lifetime of the spin state. As compar-
ing to the one-phonon relaxation process, the adiabatic-hopping motion model of small polarons has
been found to more suite to the AH(T) variation for our samples system, particularly for manganites
containing lattice distortions [19, 24, 26] such as for the x = 0.1 and 0.2 samples. Accordingly, it is pro-
posed that the hopping mechanisms [1, 2, 40, 41] of charge carriers for the x < 0.2 samples are different
from those for the x > 0.3 samples, thereby causing the difference in the fitted-curves family, see
Fig. 3(b).
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In an attempt to explain the temperature dependence of the ESR intensity, determined by numerical-
double integration of measured spectra in the temperature region of 7 > T}, we start with the one-phonon
process. As proposed in Refs. [19, 35, 42], the ESR linewidth of a FM compound was given by:

C

AH(T)=———[K(T) + f(&)], 5
() T;((T)[() VAG) (%)
where C is the Curie constant and (7)) is the susceptibility. K(7') and f{(¢), with ¢ = (T - T,.)/T, repre-
sent the non-critical and critical contributions to AH(T), respectively. Assuming that no contributions to
the linewidth from sources other than spin—spin interactions are present, C would be a temperature-
independent value accordingly [36]. Furthermore, when T > T, f(¢) is trivial and K(T) goes to a con-

stant [19, 42]. Considering such conditions, Eq. (4) can be re-written as

C

oc . 6
Tx(T) ©

AH(T)

On the other hand, I(T) is proportional to the susceptibility of the ions responsible for the ESR signal,
ie., I[(T) < y(T) [24, 27]. Combining this and Eq. (3), /(T) is finally expressed by

I(T)=1, exp(kEaT) @)

Figure 5(a) shows /(T') data and fitting lines according to Eq. (7) for the samples. In this case, the activa-
tion energy E, value (denoted as E,,) was determined and summarized in Table 1. With the E,, values
given, the plot of In (Z/1,) vs. T shows linear, as can be seen in Fig. 5(b). When considering the values of
E, and £, obtained, respectively, from the AH,, and /(7) data, a deviation between these values has been
found; this is probably due to ignoring a power function f(¢) in the critical regime [37, 38].

Using the notification of /(T") «c y(T), it is possible to plot 1// vs. T. As shown in Fig. 6(a), from the
1/I(T) curves for representative x = 0.1 and 0.5 compositions, the Curie—Weiss temperature, O, (see
Table 1) was determined by extrapolating a linear-high-temperature part of the curve to zero value ac-
cording to the Curie—Weiss law, I(T) oc 1/(T— ©) [17-19, 24, 25, 27]. We can see that the Curie—Weiss
law does not well fit to the /(T) data in a wide range of temperatures due to clustering FM spins near the
Curie point [18, 20, 42]. It is therefore suggested that the appearance of the thermal activation energy

1.8
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16k ;o.g
I o 0.2
03 =
14+ 300 350 400 450
I T(K) 04 —
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Fig. 5 (online colour at: www.pss-b.com) (a) Plot of /(T) for the samples, the solid lines are fitting
curves to Eq. (6). (b) The plot of In (Z/1)) vs. 1000/T for the samples is fitted to a linear function.
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Fig. 6 (online colour at: www.pss-b.com) (a) Plot of 1//(T) vs. T, dotted lines are fits to the Curie—
Weiss law. (b) A magnetic phase diagram for La, Pb MnO; (x = 0.1, 0.2, 0.3, 0.4, and 0.5) compositions.
The FM and PM phases exist below 7. and above T, respectively, whereas in the temperature range of
T.<T<T,, both these phases are coexistent.

min

which characterizes for the dissociation of FM clusters as increasing temperature is completely reason-
able for such manganite perovskites.

To further understand the considering system, the changes in 7. (or 7,,;,) and E, are discussed in con-
nection with those in the structure and mechanism interactions, when substituting La by Pb. It is shown
that antiferromagnetic Mn’*~Mn®* super-exchange interactions plays a dominant role in a parent com-
pound of LaMnO,. Substitution of Pb for La leads to the appearance of Mn*" ions, and consequently, FM
double-exchange interactions between Mn®* and Mn*" ions introduce [39]. When the Pb-doped content
increases from x = 0.1 to 0.3, the FM phase is enriched and become strongest at x = 0.3. Besides, it was
found that the average bond length (Mn—O) of the system decreased (1.968, 1.966, and 1.962 A for
x=0.1, 0.2, and 0.3, respectively) while the average bond angle (Mn—O—Mn) increased from 162° to
166° for x = 0.1 and 0.3, respectively [14]. These interpret why 7. (or 7,,;,) and E, increase with increas-
ing the Pb-doped content. However, for further substitution of Pb (x = 0.4), 7 values of the samples
remain unchanged or lightly decreased. This can be understood as an additional presence of AFM inter-
actions of the super-exchange Mn*'—~Mn*" coupling together with the pre-existing Mn*'~Mn*" coupling
that are competing with the FM phase. The increase of E, with the Pb addition even for the x = 0.4 and
0.5 compositions can be attributed to the changes in the structure of the samples. Because, unlike the
x <£0.3 samples showing a rhombohedral structure, the x = 0.4 and 0.5 samples were found to have a
cubic structure [7, 14], for which a higher value of the activation energy is often required to dissociate
the FM clusters at temperatures 7 > T, [30]. It should be furthermore noted that the addition of Pb in
La, Pb,MnO; led to a gradual increase in {r,) from 1.032 (x=0.1) to 1.116 A (x = 0.5) [1, 2, 40].

Finally, a magnetic phase diagram of La, PbMnO; (0.1 £ x < 0.5) compounds is displayed in
Fig. 6(b). The FM and PM phases exist at temperatures below 7. and above T, respectively. In the
intermediate temperature range, 7. < 7 < T,,,, both FM and PM phases coexist. It can be seen from this
phase diagram that La,_Pb,MnO; materials would be promising candidates for the high-temperature
applications.

4 Conclusions

The internal dynamics and magneto-transport properties in La, . Pb . MnO, (x = 0.1, 0.2, 0.3, 0.4, and 0.5)
compounds were thoroughly studied by means of ESR spectra. It was shown that the addition of Pb led

www.pss-b.com © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to a decrease in lattice distortions in the samples. The changes in the Curie temperature and activation
energy are likely related to those in the structure and interaction mechanisms occurring within the sam-
ples. In terms of our experimental results, it is reasonable to indicate that the origin of ESR signals in the
PM phase is due to the existence of ferromagnetic clusters over a wide range of temperature.
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