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The electron paramagnetic resonance (EPR) properties of the electron-doped manganite

La1�xTexMnO3 (0.1 r x r 0.2) are investigated based on the data of EPR spectra, resistivity,

and magnetic susceptibility. With decreasing temperature from 400 K, the EPR linewidth DHPP

decreases and passes through a minimum at Tmin, then substantially increases with further

decreasing temperature. The broadening of the EPR linewidth above Tmin can be understood in

terms of the increase in the relaxation rate of spin of eg polarons to the lattice with increasing

temperature due to the similarity between the temperature dependence of the linewidth DHpp(T)

and the conductivity s(T). For the samples with x = 0.1 and 0.15, the conductivity activation

energy Es is comparable with the activation energy Ea deduced from the linewidth. Whereas for

the x = 0.2 sample, there is a large difference between Es (0.2206 eV) and Ea (0.0874 eV).

1. Introduction

Since electron paramagnetic resonance (EPR) is a powerful

probe of spin dynamics and is helpful for understanding

magnetic interactions and spin correlation on a microscopic

level, a number of EPR studies have been performed on

colossal magnetoresistance (CMR) manganites aimed at

understanding the microscopic nature of the interplay between

spin and charge degrees of freedom.1–12 EPR results on the

hole-doped CMRmaterials with the transition from paramagnetic

(PM) state to ferromagnetic (FM) state show some characteristic

features as follows: (1) The EPR signals in CMR manganites

are a consequence of some complex magnetic entity made of a

collection of Mn3+and Mn4+ions,3 (2) The peak-to-peak

linewidth (DHPP) is large, and (3) DHPP shows a minimum

at Tmin, i.e., with decreasing temperature, DHPP decreases and

passes through a minimum at Tmin, then substantially increases

on further decreasing temperature. However, a considerable

amount of controversy exists regarding the interpretation of

the DHPP dependence on temperature for T Z Tmin.
1,2,4,5,7,8

On the whole, most of the EPR investigations have been

focused on the hole-doped manganites. In contrast, there are

few EPR reports on the electron-doped manganites.13–15

Moreover, the investigations on the electron-doped manganties

mostly focus on the Ca1�x(La/Ce)xMnO3 systems with PM-

antiferromagnetic transition in which there is a mixture of

Mn3+/Mn4+ions and the content of Mn4+is large than that

of Mn3+. For the Ca1�x(La/Ce)xMnO3 systems, the temperature

dependent DHPP above TN normally displays the relation to

(T � TN)
�P, which is substantially different from DHPP(T) of

the hole-doped manganites. Previous study concerning the

electron-doped La0.96Te0.04MnO3 shows that there is a PM

phase below TC due to the magnetic inhomogeneity but the

temperature dependence of DHPP and the intensity have

not been studied. In this paper, we systematically investigate

EPR spectra upon the different doping level of Te in a broad

temperature range for the electron-doped manganites

La1�xTexMnO3 (0.1 r x r 0.2). The results should provide

a point of reference for an understanding of the EPR linewidth

DHpp above Tmin, and is important to shed light on the debate

regarding the behavior of DHPP(T) and to correlate the results

with different theoretical models.

2. Experiment

A ceramic sample of La1�xTexMnO3 (0.1 r x r 0.2) was

synthesized by the conventional solid-state reaction starting

with preheated La2O3 (99.99%), TeO2 (99.9%) and MnO2

(99.9%). The procedures of sintering and XRD characterization

of the sample are described elsewhere.16 EPR spectra were

recorded using a X-band Bruker ELEXSYS E500 and EMXplus

10/12 cw spectrometer with 100 kHz magnetic field modulation

within the temperature range of 120–400 K. EPR detects the

power P absorbed by a sample from a transverse magnetic

microwave field. The signal-to-noise ratio of the spectra can
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be improved by recording the first derivative of P (dP/dH)

with a lock-in technique. The magnetic susceptibility was

measured by a vibrating sample magnetometry (VSM). The

resistance measurement was performed by the standard four-

probe method.

3. Results and discussion

Fig. 1, 2, and 3 show the EPR spectra dP/dH at different

temperatures for the samples with x = 0.1, 0.15, and 0.2,

respectively. It can be seen from Fig. 1–3(a) that one single

resonance line which has a Lorentzian shape is observed in the

EPR spectra above 280, 290, and 280 K for the samples with

x = 0.1, 0.15, and 0.2, respectively. The resonance field is

centered at about 3300 Gauss and is independent of temperature.

For the sample with x = 0.1, the lineshape of the signal

becomes distorted lightly from 260 K and the resonance line

cannot be well reproduced by the single Lorentzian shape

function. With the temperature further decreasing to 240 K

corresponding to the Curie temperature of La0.9Te0.1MnO3

(TC = 239 K), the whole resonance becomes distorted heavily.

Moreover, the resonance line broadens and the resonance field

gradually shifts to lower field due to the internal fields caused

by the onset of magnetic order. The shape of this line is typical

for ferromagnetic resonance (FMR) signal originating from

the FM metal phase. For the samples with x = 0.15 and 0.2,

the resonance lines exhibit similar behavior. It should be noted

that absorption dip starts to occur around TC of the samples

at B500 G, which is obvious for the x = 0.15 sample in

the temperature range of 235–255 K. As an example, the inset

Fig. 1 EPR spectra of La0.9Te0.1MnO3 at different temperatures:

(a) from 280 to 400 K and (b) from 120 to 280 K. The repeat plot

of 280 K in (b) is just for a guide to the eye for the change in the

lineshape from 400 K to 120 K.

Fig. 2 EPR spectra of La0.85Te0.1MnO3 at different temperatures:

(a) from 290 to 400 K, and (b) from 120 to 280 K. The inset shows the

absorption spectrum as a function of field. Har denotes the FMAR

field.

Fig. 3 EPR spectra of La0.8Te0.2MnO3 at different temperatures:

(a) from 280 to 400 K, and (b) from 120 to 260 K.
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of Fig. 2 (b) shows the absorption spectrum as a function

of field. The minimum of the spectra denotes the appearance of

ferromagnetic antiresoance (FMAR),17 which is often observed

in the FM conductors in the case of the dimension of the

measured samples being much smaller than the microwave

skin depth.

In order to precisely determine the EPR parameters, i.e.,

resonance field and linewidth, we have fitted the symmetric

signals by the Lorentzian shape function:18

dP

dH
¼ d

dH

2A

p
� DHFWHM

4ðH �HrÞ2 þ DH2
FWHM

 !" #
ð1Þ

where A denotes the area under the absorption curve, i.e., EPR

signal intensity, Hr is the resonance field and DHFWHM is the

Lorentzian full width at half maximum (FWHM) in the

absorption curve. The peak-to-peak linewidth DHpp can be

obtained from the fit parameters DHFWHM using

DHpp ¼ DHFWHM

� ffiffiffi
3
p

. The EPR spectra of the samples with

x = 0.1, 0.15, and 0.2 above 280, 290, and 280 K, respectively,

can be well described by eqn (1), whereas the discrepancy

between the experimental data and the calculated ones occurs

below these temperatures. As an example, the illustration of

the fit results at the temperature of 280 K, 290 K, and 280 K

for the samples with x = 0.1, 0.15, and 0.2, respectively, are

shown by the solid lines in Fig. 4(a). Below these temperatures,

i.e., at T = 250–270 K for the x = 0.1 sample, at

T = 265–280 K for the x = 0.15 sample, and at T =

200–260 K for the x = 0.2 sample, we use the second

derivative d2P/dH2 curve to determine the linewidth due to

the asymmetric and distorted resonance lines, e.g., the appear-

ance of a shoulder marked by the triangular symbol as shown

in Fig. 4(b).

Fig. 5(a) and (b) show the best fit to the spectrum at some

typical temperatures for the x = 0.15 and x = 0.2 samples,

respectively. It is found that just below the temperature of the

appearance of a single PM resonance line, the resonance signals

can be fitted well by the superposition of two Lorentzian-shape

lines. One line located at the resonance field of B3000 G

denotes the PM resonance signal and the other represents the

FM resonance signal. With the temperature is lowered towards

TC, the spectrum can be well fitted by three inhomogeneously-

broadened Gaussian lines, which is in agreement with the fact

that the resonance lines often approach the Gaussian shape if

the line is a superposition of many components.18 The three lines

develops and shifts to lower field with decreasing temperature.

As the temperature is lower than TC, the spectrum gradually

transforms into a single FM resonance line. The appearance of

the FM signal well above the Curie temperature (TC = 241 K

for the x = 0.15 sample and TC = 189 K for the x = 0.2

sample) implies that the magnetic state of the samples are of

magnetic inhomogeneity or phase separated consisting of two

distinguished magnetic phases, which will be discussed in more

detail later.

Fig. 6(a) shows the temperature dependence of the EPR

linewidth DHpp for the samples with x = 0.1, 0.15, and 0.2.

There is a minimum at Tmin for all the samples on the plot of

DHpp(T). It is interesting that Tmin corresponds to the tem-

perature below which some distortions of the lineshape occur.

The difference between Tmin and TC may be due to some

magnetic inhomogeneity in materials.4 This can be further

confirmed by the temperature dependence of inverse dc magnetic

susceptibility (1/w = H/M). The inset of Fig. 6(a) shows the

temperature dependence of the 1/w for the samples. The solid

lines are the calculated curve deduced from the Curie–Weiss

equation. It can be seen that the experimental curves above

240 K (TC = 239 K), 250 K (TC = 241 K), and 200 K

(TC = 189 K) for the samples with x = 0.1, 0.15, and

0.2, respectively, can be well described by the Curie–Weiss

law indicating the absence of the short-range magnetic corre-

lations and the existence of a pure PM state above these

temperatures for the samples. However, from the EPR spectra

and the plot of DHpp(T), we believe that the real PM state

exists only above Tmin. Between TC and Tmin, FM clusters with

short-range ordering exist in a PM matrix. The results indicate

that EPR is a very effective tool to probe the local and micro-

scopic magnetic states compared to the mere magnetic measure-

ments. Moreover, it is found that the linewidth of the x = 0.1

sample in the PM region is between that of the x = 0.15 and

0.20 sample, which is due to the difference in the magnitude of

spin–lattice interaction. For the x = 0.2 sample, the spin–lat-

tice interaction is stronger due to its lower TC, and thus the

spin–lattice relaxation time (T1) is shorter giving rise to the

rather large linewidth compared to the x = 0.1 and 0.15

sample.

Fig. 4 The experimental EPR spectra and the fit curve (shown by the

solid lines) of the samples according to eqn (1) at (a) temperatures

above which only one symmetric PM resonance line exists, and (b)

270 K for the x = 0.15 sample. The inset shows the enlarge plot of the

x= 0.2 sample at 250 K. The triangular symbol denotes the distortion

of the lines implying the appearance of FM resonance signals.
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In the following we discuss the temperature dependence of

the EPR linewidth DHpp above Tmin. In the real PM region, the

EPR linewidth can be well described by the expression:

DHppðTÞ /
A

T
expð�Ea=kBTÞ ð2Þ

where A is a constant, Ea is the activation energy, and kB is

Boltzmann’s constant. The solid lines in Fig. 6(a) represent the

best fit to the data using the expression and the activation

energy can thus be obtained as 0.0987(13), 0.1128(6), and

0.0874(14) eV for the samples with x = 0.1, 0.15, and 0.2,

respectively. It is well known that the conductivity s of

manganites in the paramagnetic regime is dominated by the

adiabatic hopping motion of small polarons. Moreover, the

proportionality between the EPR linewidth and the conduc-

tivity is often observed in systems with hopping conductivity.19

Therefore, we also plotted the temperature dependence of the

conductivity for the samples in Fig. 6(b). The solid lines denote

the fit data above Tmin by a small-polaron hopping model

(SPH) s / A
T
expð�Es=kBTÞ, where Es is the activation energy.

The results show that s(T) curves above TC can be well

described by SPH model and thus the obtained activation

energy is 0.1312(4), 0.1305(4), and 0.2206(2) eV for the

samples with x= 0.1, 0.15, and 0.2, respectively. The observed

similarity between temperature dependencies of the EPR line-

width and the conductivity indicates that the energy transfer in

the relaxation mechanism could be provided by the thermally

activated hopping of small eg polarons. Furthermore, this

similarity arises from the fact that the hopping rate of the

charge carriers will determine the lifetime of spin state and

thus the EPR linewidth, as well as the conductivity.20 For the

manganites system, the charge carriers are eg electrons. As

a result, the hopping of eg electrons from Mn2+to Mn3+ via

the neighboring O ions in La0.9Te0.1MnO3will determine the

EPR linewidth. Within this scenario, the variation of Es upon

the doping level of La1�xTexMnO3 can be understood in

terms of the different magnitude of lattice distortion. It is

known that the lattice distortion will lower the mobility of eg
electrons and therefore assists localization of polarons that is

directly related to the activation energy of the sample. For the

x = 0.2 sample, the stronger lattice distortion corresponding

to a lower Mn–O–Mn bond angle (yMn–O–Mn = 162.24)21 will

lead to the higher activation energy compared to the x = 0.1

sample (yMn–O–Mn = 163.81) and the x = 0.15 sample

(yMn–O–Mn = 163.83).21 Moreover, It is found that for the

samples with x = 0.1 and 0.15, the value of Es is comparable

with that of activation energy deduced from the EPR line-

width data. Whereas for the x = 0.2 sample, it is worthwhile

to note that there is a large difference between the activation

energies obtained from the resistivity (0.2206 eV) and the

linewidth (0.0874 eV). The difference in the Ea and Es values

are also observed in some hole-doped manganites.22,23 The

hopping of eg polarons will decrease Hund’s rule correlations

between the core spins and eg polarons. And this correlation

will diminish with decreasing/increasing yMn–O–Mn/dMn–O

leading to the large differences in Ea and Es.

A considerable amount of controversy exists regarding

the interpretation of the DHPP dependent on temperature for

Fig. 5 The EPR spectra at some typical temperatures for (a) the

x = 0.15 sample, and (b) the x = 0.2 sample. The scattered points are

the experimental data and the solid line superimposed on it denotes the

fit curve. Other solid lines represent the decomposed component.

Fig. 6 (a) Temperature dependence of the EPR linewidth DHPP. The

error bars are much smaller than the symbols (not shown). The solid

lines denote the best fit to the linewidth data above Tmin based on

eqn (2). The inset shows the temperature dependence of 1/w for the

samples. The lines are the calculated curves according to the Curie–

Weiss law. (b) The conductivity as a function of temperature. The solid

line denotes the fit according to the small polaron hopping model. The

inset shows the temperature dependence of the product DHPPTw for

the x = 0.1 sample.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ita

et
sb

ib
lio

th
ek

 D
or

tm
un

d 
on

 2
9 

M
ar

ch
 2

01
2

Pu
bl

is
he

d 
on

 1
5 

A
ug

us
t 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1C

P2
18

07
G

View Online

http://dx.doi.org/10.1039/c1cp21807g


This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys., 2011, 13, 16343–16348 16347

T Z Tmin and the mechanisms are mainly as follows: (a) the

combination of exchange-narrowing spin–spin interaction and

spin–lattice interaction,8 (b) a spin-only relaxation mechanism

resulting in a universal quasilinear temperature dependence of

the linewidth,5 (c) a spin-phonon interaction proposed by

Seehra et al.2 and (d) the bottlenecked spin relaxation from

the exchange-coupled constituent Mn4+ ions via the Mn3+

Jahn–Teller ions to the lattice.1 In model (a), the EPR line-

width can be described by the formula DHpp = DHpp,min +

b(T � Tmin). The first term and second term is related to the

exchange-narrowing spin–spin interaction and the spin–lattice

interaction, respectively. Moreover, it was shown that the

product DHpp,minTC almost keeps constant for the samples

with different ionic radius of A-site ions hrAi. According to

this model, we can deduce the value of DHpp,min as 400 Gauss

for La0.9Te0.1MnO3 and this calculation value is obviously

larger than 250 Gauss from the experimental data. Therefore,

model (a) is not valid for the present system La0.9Te0.1MnO3.

Additionally, a clear deviation from the quasilinear behavior

of DHPP (T/TC) vs. DHPP (N) proposed by Causa et al.

(model (b)) was observed for the samples (not shown here).

Therefore, both model (a) and (b) are not valid for the present

system La0.9Te0.1MnO3. In model (c), Seehra et al. explained

a linear dependence of linewidth in manganites2 and the

linewidth can be written as DH ¼ �h½cþ f ðeÞ�
gmBTw0

, where mB is the Bohr

magneton, �h is Planck’s constant, f(e) is the critical contri-

bution to DH from spin–spin interactions which is significant

only for e = (T � TC)/TC r 0.1 for T E TC and c is the

non-critical contribution from spin-phonon interactions for

T c TC. If there is no contribution to the linewidth from

spin-phonon interactions, the product DHTw0 would approach

a temperature independent constant value for T c TC. The

spin–phonon contribution to DHmay vary as T or T2 depending

on whether one-phonon or two-phonon contributions are

dominant. Actually, model (d) also covers the spin-phonon

(vibrations of the lattice) or spin–lattice interactions.

In order to check if there is the contribution of spin–lattice

interaction to the temperature dependence of DHPP, we plot

the product DHPPTw as a function of temperature above Tmin

for the x = 0.1 sample. It can be seen from the inset of

Fig. 6(b) that the product DHPPTw is not a constant and is

temperature dependent implying a contribution of the

spin–lattice interaction to the DHPP for La0.9Te0.1MnO3.

From the aforementioned analysis, we can understand the

reason for the broadening of the EPR linewidth above Tmin for

the samples. It was shown that increasing temperature can

enhance the thermal motion of the lattice so that it is favorable

for the spin system to exchange energy leading to the decrease

of the spin–lattice relaxation time T1 and thus the broadening

of the EPR line. In other words, the broadening of the EPR

line arises from the increase in the spin–lattice relaxation rate

with increasing temperature.

It seems that the features of the T-dependent linewidth

DHPP(T) , i.e., with decreasing temperature, DHPP decreases,

passes through a minimum at Tmin and then substantially

increases on further decreasing temperature, are similar between

the hole-doped and electron-doped manganites. This may be

related to the analogous electronic structure for the hole-doped

and electron-doped manganites. Note that Mn3+is a Jahn–Teller

ion, Mn4+and Mn2+are both non Jahn–Teller ions. Thus, the

basic physics in terms of Hund’s rule coupling and Jahn–Teller

effect could operate in the electron-doped phase as well.

The intensity of EPR spectra is used to identify the nature of

the magnetic ions contributing to the resonance which can be

proportional to the number of spins, and it is normally

determined in two ways: (a) by numerical double integration

of the recorded dP/dH spectra, and (b) approximately the area

by the product(DHpp)
2Y0, where 2Y0 is the peak-to-peak

derivative amplitude. Both methods gave results proportional

to each other as seen from the inset of Fig. 4. Here we use the

double integration (DIN) of observed EPR spectra for the

following discussion. It should be noted that meaningful

integration requires a base-line correction after each integration,

so there has to be good base line on the low-field and high-field

sides of the spectrum. The DIN is found to decrease exponentially

as the temperature increases as shown in Fig. 7. The DIN of the

EPR spectra during the PM regime for manymanganite is usually

described by the Arrhenius law:5 DIN = I0exp(DE/KBT),

where DE is the activation energy for dissociation of the

paramagnetic spin clusters. It is necessary to note that the

Arrhenius exponential law could be deduced at the frame of

SPHmodel when the ESR linewidth as a function of temperature

is proportional to the electrical conductivity.5 The Arrhenius

plot of the intensity above 280 K, 300 K, and 260 K for the

samples with x = 0.1, 0.15, and 0.2, respectively, is shown by

the solid line in Fig. 7. It is seen that the DIN obeys the law

well with DE of 0.0942(62), 0.1189(49), and 0.0963(29) eV for

the samples with x = 0.1, 0.15, and 0.2, respectively, which is

very close to the activation energy deduced from the temperature

dependence of the EPR linewidth DHpp.

4. Conclusions

In summary, we measured the EPR spectra at different tempera-

tures for the electron-doped manganite La1�xTexMnO3 (0.1r
x r 0.2). Together with the temperature dependence of the

linewidth DHpp(T) and inverse magnetic susceptibility 1/w,

Fig. 7 The double integration intensity of EPR spectra as a function

of temperature. The error bars are much smaller than the symbols (not

shown). The solid line represents the fit based on Arrhenius law. The

inset shows the product (DHpp)
2Y0 scales with DIN and the solid lines

are the linear fit.
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we believe that a real PM region exist above Tmin. Between TC

and Tmin, a short-range FM ordering appears in a PM matrix.

Both the EPR linewidth DHpp(T) above Tmin and conductivity

s(T) above TI�M follow the small polarons hopping model

with a similar value of the activation energy. Further analysis

indicates that the broadening of the EPR line arises from the

increase in the relaxation rate of spin of eg polarons to the

lattice with increasing temperature. For the sample with x= 0.2,

there is a large difference between the conductivity activation

energy Es and the activation energy Ea deduced from the

linewidth arising from the decrease in Hund’s rule correlations.
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