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In this paper, we report the electron paramagnetic resonance (EPR) study of perovskite
manganite Ndo.555r0.45 MnO3. Experimental data reveal that the EPR linewidth broad-
ens with a quasilinear manner up to 480 K. The broadening of the EPR linewidth can
be understood in terms of the shortening of carrier—lattice relaxation time due to the oc-
currence of strong carrier—phonon interactions. Two same activation energies obtained
respectively from the temperature dependence of EPR intensity and resistivity indi-
cate that the linewidth variation is correlated to the small polaron hopping. Therefore,
the carrier—lattice coupling play a major role for deciding its magnetism in the present
system.

Keywords: EPR; spin—phonon coupling; manganite.

1. Introduction

The rare-earth based manganites showing exotic properties such as colossal magne-
toresistance, charge ordering, etc. have been the focus of extensive investigation not
only for fundamental interest but also due to their potential applications.' ® Doped
manganites Ry_,A,;MnOg3 (R = rare earth element, A = divalent alkaline earth
element) have distorted perovskite structure. Due to strong electron—phonon cou-
pling in manganites, it is recognized that the hopping electrons between Mn?t and
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Mn** show as polarons rather than “bare” e, electrons.® More studies presented
evidences that transport carriers in paramagnetic (PM) phase should be described
as small polarons.!? 13 Besides the electronic detection of small polaron transport,
electron paramagnetic resonance (EPR) has been also used to investigate its prop-
erties because EPR is an effective means to study the spin dynamics and magnetic
correlation in doped perovskite manganites.

At present, the broadening PM resonance linewidth with temperature is a com-
mon observation in many doped manganites. However, its origin has not been fully
understood. Main disputation focuses on two aspects, viz. ion—ion spin relaxation
and carrier—lattice relaxation. Rettori et al. think that the broadening of PM res-
onance linewidth is associated with the spin—lattice interaction involving the one
phonon process.!* However, Shengelaya et al. proposed the polaron hopping con-
tribution for PM linewidth as they investigated EPR of La;_,Ca,MnQ3.1%16 They
thought that the hopping rate of charge carriers limited the lifetime of the spin
state which lead to the broadening of the EPR linewidth. Recently, the question
has been revived by Huber,!” who first proposed spin—spin exchange interaction for
the contribution of linewidth.'® According to Huber’s approach, Rozenberg et al.
found that the spin—spin relaxation is appropriate only for electron-doped and pris-
tine manganite whereas the carrier—lattice relaxation plays key role in hole-doped
manganite.!? Therefore, in order to further clarify this issue, it is well worth in-
vestigating the linewidth variation and the polarons hopping contribution for EPR
linewidth.

In this paper, we investigated the EPR of manganite Ndg 55519.45sMnOgs which
just lays at the boundary of ferromagnetic and charge ordering-antiferromagnetic
phase. The obtained results show that there are strong carrier—lattice coupling in
the PM region. Through the analysis of peak-to-peak linewidth AH}, and double
integrated intensities (DIN), we find that it is due to the carrier—lattice relaxation
for the broadening of EPR linewidth in the present material.

2. Experiment

The polycrystalline Ndg 555r9.45MnO3 sample was prepared by traditional solid-
state reaction method. The detailed process has been reported in our previous re-
port.2 The structure and phase purity of the sample were checked by powder X-ray
diffraction (XRD) using CuK,, radiation at room temperature. The XRD patterns
prove that the sample is pure and a single-phase with orthorhombic structure. The
EPR measurement of the powder sample was performed at selected temperatures
using a Bruker EMX-plus model spectrometer with a heater operating at X-band
frequencies (v ~ 9.4 GHz).

3. Results and Discussion

The perovskite manganite Ndg 555r¢.45MnOs is a ferromagnetic (FM) oxide, where
T¢ is about 280 K. Its detailed magnetic structure has been reported in the previous
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Fig. 1. (Color online) EPR spectrum of Ndg.555r0.45sMnO3 at temperatures of 290 K < T <
400 K. Inset (a) and (b) show the spectrum for 410 K < 7' < 480 K and for 200 K < 7' < 280 K,
respectively.

investigation.?"?2 In addition, the PM-FM phase transition has been recently found
in the magnetic material NdFe;_,Ni,O3.23 Figure 1 shows some representative EPR
spectra of Ndg 555r0.45MnQO3 at different temperatures. Above T' = 280 K, a single
resonance line with Lorentzian shape was observed. Below T' = 280 K, as shown
in inset of Fig. 1(b), a resonance peak gradually shifts into low field region and
the strength of PM resonance decreases. At T' < 250 K, the resonance lines had
deviated from Lorentzian shape and shown a noticeable broadening. In general, the
intensity of EPR resonance line is proportional to the total number of PM spins.
Therefore, the decrease of resonance intensity indicates the decrease of PM ions
at T < 280 K. For Ndg 555r0.4sMnQ3, its PM-FM phase transition just occurs in
~ 280 K. The change of PM resonance shape is consistent with the PM-FM phase
transition observed from magnetization measurement.

Figure 2 graphs the temperature dependence of effective g-factor. The g-factor
reflects the intensity of spin—orbit coupling. For a free electron, the g-factor is close
to 2. As an electron is in the atom, the g-factor will shift from 2 due to the spin—
orbit coupling. Therefore, the determination of g value needs to take into account
the local environment of the spin system. The effective g-factor can be calculated
from the resonance field formula g = hv/ugH,es (h is the Planck constant; v is the
frequency of microwave; up is the Bohr magnetor). Generally, the g-factor is around
2.00 as the sample in PM state.?* As shown in Fig. 2, the g-factor has non-trivial
variation at 7' > 350 K but shows a rapid increase at T' < 300 K. In order to reflect
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Fig. 2. (Color online) The effective g-factor as a function of temperature; the inset shows the
absorption spectrum as a function of field at different temperatures.

this variation more clearly, the inset of Fig. 2 presents the absorption spectrum as
a function of field in some typical temperatures cross T¢. Obviously, the resonance
field H,es gradually shifts to low field regime as temperature decreases from 380 K to
250 K. The increase of g-factor is in agreement with the shift of absorption spectrum.
However, we noticed that the g-factor of 350 K was 2.05 near to the g ~ 2 for a free
electron but g-factor of 300 K had reached to 3.63 far from 2. On the other hand,
the temperature of PM-FM phase transition of Ndg 5551945 MnQO3 is 280 K. At T' =
300 K, the system is in the PM state. Therefore, the large g-factor indicates that the
increase of g-factor is strongly correlated to the change of spin—orbital coupling. The
coupling between spin and orbital momentums can cause a local magnetic moments
of Mn3* /Mn** ions. Their interactions form some FM spin clusters which embeds
in the background of PM phase. This phenomenon is generally recalled as “magnetic
phase separation.” In fact, the existence of phase separation has been found in the
early investigation of Ndg 555r0.45MnO3 (see Ref. 21) and testified in the recent
pressure experiment in the similar material Ndg 53S10.47MnQO3.2% Therefore, the
additional spin—orbit coupling causes the orbital ordering, which changes the crystal
field splitting and hence results in an increase of g-factor.

The temperature variations of the peak-to-peak linewidth AH,, as functions
of temperature is shown in Fig. 3(a). Upon cooling from T' = 480 K, AH,,,, displays
a narrow minimum at 300 K (~ 1.1 T¢z). The minimum is an universal feature and
is analogous to that observed in the other doped manganite.'#16:26-29 Generally,
the broadening of AH,, is due to the spin-related relaxation process. At present,
the quasilinear increase of AHp,, above T can be understood with the following
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Fig. 3. (Color online) (a) The EPR linewidth AHpp, versus T'. (b) The solid line represents the
fit with formula of model (i). (¢) The solid line represents the fit with formula of model (iii).
(d) The temperature dependence of the product AHppT'x.

four mechanisms:

(i) the bottlenecked spin relaxation form an exchange interaction between Mn3+
and Mn** proposed by Shengelaya et al.,'®
(ii) a spin-only relaxation proposed by Causa et a
(iii) the combination of exchange narrowing spin—spin coupling and spin-lattice
coupling proposed by Yuan et al.,3!
(iv) a spin—phonon coupling proposed by Seehra et a

11’30

1.32

For model (i), we have not found the activated temperature dependence which is
related to bottleneck mechanism. Moreover, according to model (i), the linewidth
can be expressed with formula AH,,(T) = AHy + % exp(—E,/ksT). We fitted
the experimental linewidth AH, with it [see Fig. 3(b)]. However, the activation
energy is deduced to be 119.2 meV, which is much larger than the activation en-
ergy E, = 72.4 meV obtained from resistivity curve (see the following discussion).
So, model (i) is not valid for the present Ndg.55510.45MnOgs. Such an inconsis-
tency of temperature-dependence of PM AH,, and resistivity p was also found
in Pro.7Cag.15Bag.15sMnO3 by Ulyanov et al.® For model (ii), an obvious deviation
from the quasilinear temperature dependence of AHp,,(T'/T¢) versus AHp,(00) was
observed in our sample (not shown here). Therefore, model (ii) is no valid as well.
According to model (iii), the AHpp can be describe with

Apr = Apr,min + b(T — Tmin) . (1)
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The first term AHpp min is related to the exchange narrowing spin—spin coupling
while the second term b(T" — T}, ) is due to the spin—lattice coupling. By using this
model, we deduced the AHpp, min to be 235 Gauss which is very near to our experi-
mental 250 Gauss (see Fig. 3(c)). Therefore, model (iii) seems to be adapted to the
system. According to model (iv), the linear dependence of linewidth in manganites
is attributed to critical and non-critical contributions. Both contributions for the
linewidth can be written with
e+ f(e)] )

gnsT xo
where f(e) is the critical contribution to AHpp, from spin-—spin coupling, which is
significant only for ¢ = (' — T¢)/Te < 0.1 and c¢ is non-critical contribution to
AHp, from spin—phonon interactions for 7' > T¢. If there is no contribution to
the linewidth from spin—phonon (vibrations of the lattice) interactions, the product
AHp,Tx should be a temperature independent constant at 7' > T¢. Thus, Eq. (2)
can be simplified as

Ay (T) =

C
T_X ) (3)

where C/T is the single ion susceptibility, x is the measured PM susceptibility and
AHp,(00) is the linewidth expected at temperature high enough. Figure 3(d) shows
the product AH,,Tx as a function of temperature above 7. Obviously, the value
of AH,,Tx is a function of temperature, indicating that there are spin-phonon
interactions in the system. In fact, we find that models (iii) and (iv) have some
similarities and both of them describe the same contribution of spin—phonon inter-
actions to the broadening linewidth. Generally, in conventional magnetic materials,
spin relaxation mainly depends on the relaxation times between local moments and

Apr(T) = Apr(OO)

itinerated electron, namely, carrier-lattice spin relaxation. The exchange interac-
tion between local moments and conduction electrons results in a temperature-
linear contribution to the total EPR linewidth. For the present Ndg 555r9.45MnQO3
system, the main local magnetic moments are from Mn?* and Mn*t ions. The
conduction electron’s spin is from e, electrons or polaron due to the existence of
intense electron—phonon coupling. In PM region, the rise of temperature intensifies
the lattice vibration. Therefore, the spin—phonon interaction effectively decreases
the spin-lattice relaxation time and consequently results in the broadening of the
EPR linewidth.

Taking into account the intense spin—phonon coupling in the present sample,
we have to clarify the contribution of small polaron for the AH, variation. In
PM regime, the conductivity of hole-doped manganites is generally dominated
by the adiabatic small polaron hopping model. In Fig. 4(a), we fitted the ex-
perimental resistivity curve (p versus 7T') with the small polaron hopping model
p = pol exp(E,/ksT), where E, is the activation energy for small polaron hop-
ping. From the fitting results, we obtained the activation energy E, = 72.4 meV. In
the previous investigations of Ndg.gSrg.4MnO3 and Ndg 5519 5MnO3 by Angappane
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Fig. 4. (Color online) (a) In(p/T') shows as a function of inverse temperatures (bottom axis) and
the solid lines denotes the fit with the small polaron hopping model. (b) Arrhenius plots of DIN
and the solid line represents the fit with Eq. (4) (the inset represents the ESR intensity Izpr
versus 7).

et al., the activation energies were reported to be E, = 100 meV and 60 meV,
respectively.?* The present sample Ndg 555r0.45MnQOs3 is in the middle of them.
Therefore, the obtained activation energy of E, = 72.4 meV should be reasonable
and credible. In order to further testify whether the small polaron hopping con-
tributes to the broadening linewidth, we have studied the intensity of EPR spectra
which is related to all magnetic ions contribution to the resonant entities. Two
different numerical analysis methods are used to calculate the intensity of EPR
spectra. One is double integration of the spectra (dP/dH) and the other is calcu-
lation of the area of production AngY’, where 2Y” is the peak-to-peak derivative
amplitude. Both methods gave similar results but the first one provided better accu-
racy for absolute values. Therefore, we use the double integrated intensities (DIN)
to analyze the intensity of EPR spectra. The inset of Fig. 4(b) presents the results
of normalized DIN. Similar to the change of g-factor, the DIN increases sharply at
T < 300 K characteristic for the developing FM order. The DIN of PM region is

usually described by the Arrhenius law:26:30

DIN(T) = Iy exp(E, /ksT), (4)

where F, is the activation energy for dissociation of the PM spin clusters. As shown
in Fig. 4(b), the activation energy was deduced to be 75.1 meV, which is very close
to the F, = 72.4 meV deduced from the temperature dependence of the resistiv-
ity curve. Ndg 55510.45MnQO3 is a special kind of ferromagnetic materials, which is
near to the half-doping charge ordering Ndg 5Srg. s MnOs3. Therefore, its spin—lattice
and spin—orbital coupling is so strong that the carrier shows as the polarons rather
than bare electron. In addition, the manganites widely shows inhomogeneity.?> 37
Thus, above T, there may be some spin clusters to appear in PM state. As the
temperature tends to T, the spin—orbital coupling not only forms the ferromag-
netic coupling at inner part of cluster, but also causes the ferromagnetic correlation
among the adjacent clusters.?® For the carrier transport, the local ferromagnetic
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interaction can help its delocalization. On the other hand, the rise of tempera-
ture enhances the thermal vibration of lattice. Therefore, the intense spin—phonon
interaction promotes the development of polarons. In this case, the polarons hop-
ping becomes easy and the spin—lattice relaxation time shortens. Consequently, the
broadening of linewidth was observed in PM regime during the EPR measurement.

4. Conclusion

In summary, we have measured the EPR spectra of Ndg 555r0.45MnQOg3 at different
temperatures. A quasilinear increase of EPR linewidth has been maintained from T¢
up to 480 K. The broadening EPR linewidth originates from the increase of carrier—
lattice relaxation rate. The similar values of the activation energy obtained from
two different methods indicates the existence of strong spin—phonon interactions
and spin clusters correlation in the present system.
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