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in electron-doped manganite Sr0.8Ce0.2MnO3

W.J. Lu∗, B.C. Zhao, R. Ang, W.H. Song, J.J. Du, Y.P. Sun

Key Laboratory of Materials Physics, Institute of Solid State Physics, Chinese Academy of Sciences, Hefei 230031, PR China

Received 8 June 2005; accepted 29 July 2005

Available online 15 August 2005

Communicated by J. Flouquet

Abstract

Electron-doped manganite Sr0.8Ce0.2MnO3 has been systematically investigated by X-ray diffraction, electronic trans
magnetic, internal friction, and Young’s modulus experiments. The X-ray diffraction result indicates that the compo
mains tetragonal (I4/mcm) structure at room temperature. Due to the strong Jahn–Teller (JT) distortion, the groun
antiferromagnetic (AFM) insulator. Below 20 K, a spin-glass (SG) state dominates at low temperatures. In the param
(PM) region, an internal friction peak at around 250 K, which is characteristic of relaxation, has been observed. Unde
magnetic field, the internal friction peak moves to higher temperature, which is suggested to originate from the form
ferromagnetic (FM) clusters in PM region. In addition, the softening of Young’s modulus in the vicinity of AFM tran
temperature is interpreted in terms of the strong electron–phonon interaction.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Hole-doped manganese oxides R1–xAxMnO3 (R =
rare-earth ions; A= divalent ions such as Ca, S
Ba, Pb, etc.) with a perovskite structure have stim
lated considerable scientific and technological in
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est because of their exotic electronic and magn
properties[1–4]. These manganites present a colos
magnetoresistance (CMR) effect and the character
feature of the CMR manganites is the strong inter
tion between charge carriers in theeg band, localized
spins of t2g electrons, and the crystal lattice. Se
eral theoretical models such as the double-excha
(DE) mechanism[5], small polarons, electron-lattic
coupling, and especially, the Jahn–Teller (JT) type
teraction[6–8], were proposed to explain the phys
of CMR properties.
.
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In contrast to the hole-doped materials, there h
been a few electron-doped materials studied in
system. Zeng et al.[9] reported large negative ma
netoresistance in electron-doped Ca1–xCexMnO3 sys-
tem. Low Ce doping stabilizes a ferromagnetic (F
component in addition to a persistent antiferrom
netic (AFM) component. Higher Ce doping(x �
0.075) induces a charge ordering (CO) transition. T
physical properties of Ca1–xCexMnO3 are similar to
those of hole-doped manganites[9,10]. However, Sun-
daresan et al.[11] have reported that the electro
doped Sr1–xCexMnO3 does not show large negativ
magnetoresistance. Also the magnetic susceptib
(χ) versusT curve for x > 0.10 samples shows
broad maximum, which is absent in hole-doped m
ganites. They have explained this unusual behavio
χ using the dilute AFM model. Recently, Mandal
al. [12] prepared Ce doped Sr1–xCexMnO3 by using
a two step method and reported that the system
not show any long-range magnetic ordering but sp
glass like behavior at low temperatures forx � 0.10.
Forx = 0.25 and 0.35 samples, it shows large nega
magnetoresistance over a wide range ofT . The differ-
ences of the results in the last two papers should
due to the use of different ways for the sample pre
ration.

Anyway, the different electronic, and magne
properties between electron-doped Sr1–xCexMnO3
and hole-doped manganites have not fully been
cidated so far. Therefore, a detailed study of the c
tallographic and magnetic phase diagram is nee
On the other hand, a potential intrinsic magnetic in
mogeneities in Sr1–xCexMnO3 system should arous
our attention, since the evidence of inhomogenei
in manganites is very strong both in theory and exp
iments[13,14]. In this Letter, we studied the micro
scopically and intrinsically inhomogeneous magne
phase in Sr0.8Ce0.2MnO3 sample, for which a very
broad maximum inχ(T ) curve appears implying th
dilute antiferromagnetism[11]. Here we use interna
friction measurement technique to study the mic
scopic mechanism of magnetic phase transitions.
measurements, as discussed below, enable to o
important information about magnetic phase sep
tion.

The internal friction measuring technique is a no
destructive but very sensitive tool in studying defe
and microscopic processes in solids including e
tron strongly correlated materials, such as cuprate h
temperature superconductors and manganites[15–20].
By means of internal friction measurements, one m
determine whether the microscopic process is ph
transition or relaxation, and some other quantitative
formation such as activation energy and the relaxa
time at infinite temperature can be obtained. In ad
tion, the concomitant Young’s modulus reflects the
formation of the lattice variation. The strong coupli
of electron–phonon can be studied by the Youn
modulus measurements. For Sr0.8Ce0.2MnO3 sample,
a remarkable peak in the internal friction curve is o
served in the paramagnetic (PM) region, which is
tributed to the formation of magnetic clusters. Furth
more, this peak is characteristic of thermally activa
relaxation. The anomalous Young’s modulus prop
ties imply the electron–phonon interaction due to
JT effect may play an important role in the sample.

2. Experimental details

Polycrystalline Sr0.8Ce0.2MnO3 sample was syn
thesized by the standard solid-state reaction. Stoic
metric precursor powders SrCO3, CeO2, MnO2 and
Cr2O3 were mixed and ground, then fired for 24 h
1050◦C. The resultant powder was then pressed
small pellets and sintered at 1200◦C for 24 h and then
at 1350◦C for another 24 h. After the final grinding
the powder was pressed into bars with the dimens
of 65.0 × 4.5 × 1.0 mm3 (for internal friction and
Young’s modulus measurements), sintered at 1400◦C
for 24 h and slow-cooled to room temperature.

The room temperature X-ray diffraction (XRD
measurement was taken in Philips X’pert PRO X-
diffractometer with Cu Kα radiation. The structura
parameters were obtained by fitting the experime
data of XRD using the standard Rietveld techniq
The magnetic measurements were carried out wi
Quantum Design superconducting quantum inter
ence device (SQUID) MPMS system. The resistivityρ

was measured by means of a Quantum Design ph
cal properties measurements system (PPMS) usin
standard four-probe method. Internal frictionQ−1(T )

and Young’s modulusE(T ) were measured by the fre
decay method of a resonant bar in acoustic freque
range with magnitude of kHz using warming mode
a vacuum environment at the rate of 1 K/min. The in-
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Fig. 1. XRD pattern of the compound Sr0.8Ce0.2MnO3. Crosses indicate the experimental data and the calculated data is the continuo
overlapping them. The lowest curve shows the difference between experimental and calculated patterns. The vertical bars indicate th
reflection positions.
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ternal frictionQ−1 is defined as follows[15]:

(1)Q−1 = 1

n
ln

(
A0

An

)
,

wheren is the number of the vibration cycles, whi
the amplitude attenuates fromA0 to An. The Young’s
modulusE is given by

(2)E = 4π2sdl4

m4I
f 2,

where f is the resonant frequency,s the cross-
sectional area,d the density,l the length,I the mo-
ment of inertia of the sample. In addition,m is 4.730
for the vibrating mode in the fundamental mode. A
cording to the Eq.(2), E is proportional to the squar
of the resonant frequencyf , i.e.,E ∝ f 2. Therefore,
we substitutef 2 for the Young’s modulusE.

3. Results and discussion

XRD pattern of Sr0.8Ce0.2MnO3 sample is shown
in Fig. 1. The Rietveld refinements of the room tem
perature XRD pattern show that the sample is sin
phase with tetragonal structure (I4/mcm space gro
The refined lattice parametersa ≈ b ≈ 5.4013 Å and
c ≈ 7.7448 Å, which are close to the reported v
ues[11]. We have calculated Mn–O bond lengths a
angles from the position of the ions in the unit c
and lattice parameters. The results show that there
Fig. 2. Magnetic susceptibility,χ , as a function of temperature fo
Sr0.8Ce0.2MnO3 under zero field cooling (ZFC) and field coo
ing (FC) at H = 0.1 T. Inset shows the inverse susceptibili
Solid line is the fitting data according to the Curie–Weiss l
χ = C/(T − θP ).

two different bond lengths and angles. The differe
between Mn–O1 and Mn–O2 bond lengths indica
that there is a strong Q3-mode JT distortion of the
MnO6 octahedron and the doping electrons occupy
d3z2−r2 orbital ordering.

The temperature dependence of magnetic susc
bility, χ(T ), under an applied field of 0.1 T is shown
Fig. 2. ZFC and FC curves show that the sample is
sent of long-range FM ordering. It undergoes a AF
transition atTN (= 210 K), accompanied by a broa
maximum, which indicates the dilute antiferroma



324 W.J. Lu et al. / Physics Letters A 346 (2005) 321–326

in-
of a
C
re-
M
ac-
on

epti
et

ot
ull
rse
ht
o-
the

-
ow

la-
rons
) in
r-
-
t
d

ion.

FM

av-
ture
us
del
l
g

H
ult

s
-
n

id

fact

that

ho-

be
JT
to

d-
in

y at

.

de

ith
ates
ted
us-
eak
In
lo-
m-

he
is-
netism. A short range FM interactions between Mn3+
and Mn4+ cannot be excluded, although there is no
dication for a bulk ferromagnetism. In the absence
FM ordering, the irreversibility between FC and ZF
at 20 K indicates a spin-glass (SG) like transition
sulting from the AFM ordering and a short range F
interactions. In order to study the magnetic inter
tion further, we fit the experimental data in PM regi
according to the Curie–Weiss law,χ = C/(T − θP ).
The temperature dependence of the inverse susc
bility, 1/χ , and the fitting curve are shown in the ins
of Fig. 2. It is found that the Curie–Weiss law is n
satisfactory with the experimental curve in the f
PM temperature range. The deviation of the inve
susceptibility, 1/χ , from the high-temperature straig
line corresponding to non-interacting magnetic m
ments (Curie–Weiss behaviour) marks the onset of
magnetic interaction between magnetic moments[21].
De Teresa et al.[22] observed the deviation of the in
verse susceptibility from the Curie–Weiss law bel
1.8TC in PM region for La0.67Ca0.33MnO3 compound,
which signals the onset of short range FM corre
tion. They detected the presence of magnetic pola
(small magnetic clusters whose size is about 12 Å
the PM state below 1.8TC using small neutron scatte
ing technique. For Sr0.8Ce0.2MnO3 sample, the effec
tive magnetic momentµeff deduced from experimen
is about 5.96µB , which is larger than the calculate
value (4.10µB ). Such a largeµeff may be ascribed
to the appearance of magnetic clusters in PM reg
On the other hand, the positive Weiss constantθP

(θP = 15 K) approves the presence of short range
interactions in PM region.

Fig. 3 shows lnρ(T ) curve for Sr0.8Ce0.2MnO3
sample. The sample exhibits an insulating beh
ior in measuring temperature range. The tempera
dependence of resistivity data is fitted by vario
models such as the adiabatic polaron hopping mo
ρ � T exp(E/kBT ), the activated hopping mode
ρ � exp(E/kBT ), and the variable range hoppin
(VRH) modelρ � exp(T0/T )1/4. It is found that the
resistivity could be best fitted with the Mott’s VR
model in large temperature range. The fitting res
with VRH model is shown in the inset ofFig. 3. Fit-
ting parameterT0 obtained from the fitting result i
1.1 × 108 K. According Mott’s VRH theory the para
meterT0 is inversely proportional to the localizatio
length of the carriers. So the large value ofT0 im-
-

Fig. 3.T dependence of lnρ for Sr0.8Ce0.2MnO3. Inset shows the
fitting plot of ρ(T ) curve according to the VRH model. The sol
line represents the fitting data.

plies a greater disorder exists in the sample. A
is that in high temperature range (T > 250 K) po-
laron hopping modelρ � T exp(E/kBT ) can better
fit the data than VRH model. It has been reported
in PM region the resistivity of La0.7Ca0.3MnO3 cannot
be fitted with one conducting mechanism due to in
mogeneous magnetism[23]. For Sr0.8Ce0.2MnO3, the
different conducting mechanism in PM region may
due to the formation of FM clusters because of the
distortion and the random potential fluctuations due
A-site cations.

The results of internal friction and Young’s mo
ulus measurements under zero field are shown
Fig. 4(a) and (b). We define the resonant frequenc
300 K f0. In the fundamental mode (f0 = 1516 Hz),
the internal friction (Q−1) peak at 250 K is observed
In order to study the character of theQ−1 peak,
Q−1(T ) are measured in the first free flexural mo
(changing the measuring frequencyf to 2.76f ). The
Q−1 peak shifts to higher temperature (262 K) w
increasing measuring frequency, which demonstr
that the peak is associated with a thermally activa
relaxation process. Combining with the results of s
ceptibility and resistivity, as discussed before, the p
should ascribe to the formation of FM clusters.
fact, the PM region appears to be dominated by
cal ferromagnetic fluctuations (FMF) that are presu
ably mediated by Mn3+/Mn4+ hopping-induced DE
interactions. The fluctuation in size or motion of t
FM domain is generally accompanied by lattice d
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Fig. 4. Temperature dependence of internal frictionQ−1 (empty cir-
cle) and Young’s modulus�E ∝ f 2 (solid line) measured in (a) th
fundamental mode (f0 = 1516 Hz) (b) the first free flexural mod
(f0 = 4184 Hz).f0 is defined the resonant frequency at 300 K.TIF
is the internal friction peak temperature.

tortion. If the deformation is inhomogeneous, the co
ponents with different lattice deformations have diff
ent mechanical properties, which result in stress c
centration, the propagation of lattice deformation a
motion of boundaries among different componen
Thus, from a viewpoint of mechanics, theQ−1 peak
in PM region can be induced. The similarQ−1 peak in
La1–xCaxMnO3 were observed in PM region by oth
authors[18,24]. Ma et al.[24] observedQ−1 peak in
La2/3Ca1/3MnO3 in PM region, suggested to origina
from the formation of the magnetic clusters.

In a thermally activated relaxation process, the
ternal friction of relaxation process can be describ
by Debye equation:

(3)Q−1 = ∆
ωτ

1+ ω2τ2
,

where∆ = δE/E0, δE is the relaxation of the mod
ulus,ω (ω = 2πf ) is the angular frequency,τ the re-
laxational time. In a typical thermally activated rela
ation, the relation betweenτ andT can be expresse
as τ = τ0 exp(Eα/kBT ), whereEα is the activation
Fig. 5. Temperature dependence of internal frictionQ−1 (empty cir-
cle) and Young’s modulus�E ∝ f 2 (solid line) measured unde
applied magnetic field ofH = 1 T. TIF is the internal friction peak
temperature.

energy,τ0 is a constant,kB is the Boltzman constan
TheQ−1 is maximum when theωτ = 1. Through the
variation of theQ−1 peak temperature with respect
two different measured frequencies, the activation
ergyEα can be calculated with the equation:

(4)Eα = kB(lnf1 − lnf2)

(
1

T2
− 1

T1

)−1

.

For Sr0.8Ce0.2MnO3, the results areEα ≈ 0.45 eV,
τ0 ≈ 8.3 × 10−14 s. Markovich et al.[25] observed
phase separation phenomenon in La0.82Ca0.18MnO3
single crystal below and aboveTC , and calculated th
volume of the FM cluster with the equation�E =
KV , whereK is the magnetic anisotropy,V is the
volume of the cluster,�E is activation energy de
duced from ac susceptibility measured at different
quencies. Approximately, using the value ofK (≈ 105

erg/cm3) in Ref. [25], we can calculate that the siz
scale of the FM clusters in Sr0.8Ce0.2MnO3 is about
20 nm. That is to say that the magnetic inhom
geneities result in nano-scale phase separation, w
is similar to that observed in other manganites a
cuprates materials[13,26].

In order to manifest that the internal friction pe
is related to the formation of FM clusters, theQ−1(T )

are measured under an applied magnetic field of
The results are shown inFig. 5. TheQ−1 peak move
to higher temperature (256 K), which is consist
with the fact that the formation of FM clusters mov
to higher temperature with such an applied magn
field. Under applied magnetic field the movement
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theQ−1 peak testifies that peak is correlated with
intrinsic magnetic inhomogeneity, which is assure
described as FM clusters in PM region.

Finally, we discuss the Young’s modulus prop
ties for this sample. In the vicinity ofTN , the Young’s
modulusE (∝ f 2) comes into being a valley an
reaches a minimum value. In other words, there
large softening ofE in the vicinity ofTN . The Young’s
modulusE, microscopically, reflects the strain amo
the atoms. The elastic constant softening is the
mode and reflects the instability of the lattice to
strain of a given symmetry[27,28]. The 3d electron
state of transition-metal ions has an electric quad
pole moment due to the orbital state as well as a m
netic dipole moment. This softening should origina
from the coupling of the orbital (quadrupolar) mome
of the eg orbital, d3z2−r2 and dx2−y2, of Mn3+ ion
to the elastic strain[17,20]. The anomalous Young’
modulus properties imply the electron–phonon c
pling due to the JT effect may play an important ro
in the sample.

4. Conclusions

We have systematically studied the resistivity, m
netic, internal friction, and Young’s modulus prope
ties in Sr0.8Ce0.2MnO3 sample. The experimental re
sults prove the formation of the FM clusters in P
region, implying the intrinsic magnetic inhomogen
ity. Nano-scale phase separation likely appears in
sample. The softening of Young’s modulus indica
that there is a strong coupling of electron–phonon
to JT effect.
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