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Abstract

Electron-doped manganite §¢Cep oMnO3 has been systematically investigated by X-ray diffraction, electronic transport,
magnetic, internal friction, and Young’'s modulus experiments. The X-ray diffraction result indicates that the compound re-
mains tetragonal (I4/mcm) structure at room temperature. Due to the strong Jahn-Teller (JT) distortion, the ground state is
antiferromagnetic (AFM) insulator. Below 20 K, a spin-glass (SG) state dominates at low temperatures. In the paramagnetic
(PM) region, an internal friction peak at around 250 K, which is characteristic of relaxation, has been observed. Under applied
magnetic field, the internal friction peak moves to higher temperature, which is suggested to originate from the formation of
ferromagnetic (FM) clusters in PM region. In addition, the softening of Young's modulus in the vicinity of AFM transition
temperature is interpreted in terms of the strong electron—phonon interaction.
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1. Introduction est because of their exotic electronic and magnetic
propertieg1-4]. These manganites present a colossal
magnetoresistance (CMR) effect and the characteristic
feature of the CMR manganites is the strong interac-
tion between charge carriers in thg band, localized
spins of 7, electrons, and the crystal lattice. Sev-
eral theoretical models such as the double-exchange
(DE) mechanisni5], small polarons, electron-lattice
* Corresponding author. coupli_ng, and especially, the Jahn—TeIIgr {Jmn type_ in-
E-mail addresses: wjlu@issp.ac.cfW.J. Lu), teraction[6-8], were proposed to explain the physics
ypsun@issp.ac.ofY.P. Sun). of CMR properties.

Hole-doped manganese oxidesRA,MnO3 (R =
rare-earth ions; A= divalent ions such as Ca, Sr,
Ba, Pb, etc.) with a perovskite structure have stimu-
lated considerable scientific and technological inter-
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In contrast to the hole-doped materials, there have tron strongly correlated materials, such as cuprate high
been a few electron-doped materials studied in this temperature superconductors and mangafiites20]

system. Zeng et a[9] reported large negative mag-
netoresistance in electron-dopediCae,MnO3 sys-
tem. Low Ce doping stabilizes a ferromagnetic (FM)
component in addition to a persistent antiferromag-
netic (AFM) component. Higher Ce dopingx >
0.075 induces a charge ordering (CO) transition. The
physical properties of Ga,Ce,MnOg3 are similar to
those of hole-doped mangani{6s10]. However, Sun-
daresan et al[11] have reported that the electron-
doped St—,Ce,MnO3 does not show large negative

By means of internal friction measurements, one may
determine whether the microscopic process is phase
transition or relaxation, and some other quantitative in-
formation such as activation energy and the relaxation
time at infinite temperature can be obtained. In addi-
tion, the concomitant Young’s modulus reflects the in-
formation of the lattice variation. The strong coupling
of electron—phonon can be studied by the Young's
modulus measurements. Fop €& 2MnO3 sample,

a remarkable peak in the internal friction curve is ob-

magnetoresistance. Also the magnetic susceptibility served in the paramagnetic (PM) region, which is at-
(x) versusT curve forx > 0.10 samples shows a tributed to the formation of magnetic clusters. Further-
broad maximum, which is absent in hole-doped man- more, this peak is characteristic of thermally activated
ganites. They have explained this unusual behavior of relaxation. The anomalous Young’s modulus proper-
x using the dilute AFM model. Recently, Mandal et ties imply the electron—phonon interaction due to the
al. [12] prepared Ce doped Sr,Ce,MnO3 by using JT effect may play an important role in the sample.

a two step method and reported that the system did
not show any long-range magnetic ordering but spin-
glass like behavior at low temperatures foe 0.10.
Forx = 0.25 and 0.35 samples, it shows large negative
magnetoresistance over a wide rang& ofl he differ- Polycrystalline Sg.gCeypoMnO3 sample was syn-
ences of the results in the last two papers should be thesized by the standard solid-state reaction. Stoichio-

2. Experimental details

due to the use of different ways for the sample prepa- metric precursor powders SrGgOCeG, MnO, and

ration.
Anyway, the different electronic, and magnetic
properties between electron-doped;-S€e,MnO3

and hole-doped manganites have not fully been elu-
cidated so far. Therefore, a detailed study of the crys-

Cr,0O3 were mixed and ground, then fired for 24 h at
1050°C. The resultant powder was then pressed into
small pellets and sintered at 1200 for 24 h and then

at 1350°C for another 24 h. After the final grinding,
the powder was pressed into bars with the dimension

tallographic and magnetic phase diagram is needed.of 65.0 x 4.5 x 1.0 mn? (for internal friction and

On the other hand, a potential intrinsic magnetic inho-
mogeneities in Sr,Ce,MnO3 system should arouse

our attention, since the evidence of inhomogeneities

Young's modulus measurements), sintered at 2400
for 24 h and slow-cooled to room temperature.
The room temperature X-ray diffraction (XRD)

in manganites is very strong both in theory and exper- measurement was taken in Philips X'pert PRO X-ray

iments[13,14] In this Letter, we studied the micro-
scopically and intrinsically inhomogeneous magnetic
phase in SgCeoMnO3 sample, for which a very
broad maximum iny (T') curve appears implying the
dilute antiferromagnetisrfil1]. Here we use internal

diffractometer with Cu K radiation. The structural

parameters were obtained by fitting the experimental
data of XRD using the standard Rietveld technique.
The magnetic measurements were carried out with a
Quantum Design superconducting quantum interfer-

friction measurement technique to study the micro- ence device (SQUID) MPMS system. The resistiyity
scopic mechanism of magnetic phase transitions. The was measured by means of a Quantum Design physi-
measurements, as discussed below, enable to obtaircal properties measurements system (PPMS) using the
important information about magnetic phase separa- standard four-probe method. Internal frictiGnm1(7')
tion. and Young's modulu& (T') were measured by the free
The internal friction measuring technique is a non- decay method of a resonant bar in acoustic frequency
destructive but very sensitive tool in studying defects range with magnitude of kHz using warming mode in
and microscopic processes in solids including elec- a vacuum environment at the rate of ¥ridin. The in-
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Fig. 1. XRD pattern of the compound §gCey 2MNnO3. Crosses indicate the experimental data and the calculated data is the continuous line

overlapping them. The lowest curve shows the difference between experimental and calculated patterns. The vertical bars indicate the expected

reflection positions.

ternal friction Q1 is defined as follow§15]:
1

A
— |n<_o)7
Ap

n

0 t= @
wheren is the number of the vibration cycles, while
the amplitude attenuates froay to A,,. The Young'’s
moduluskE is given by

An?sdl* ,
=1 )
where f is the resonant frequency, the cross-
sectional aread the density/ the length,/ the mo-
ment of inertia of the sample. In additiom, is 4.730
for the vibrating mode in the fundamental mode. Ac-
cording to the Eq(2), E is proportional to the square
of the resonant frequency, i.e., E o f2. Therefore,
we substitutef2 for the Young’s modulu<t.

E

3. Resultsand discussion

XRD pattern of Sg.gCey.2MnO3 sample is shown
in Fig. L The Rietveld refinements of the room tem-
perature XRD pattern show that the sample is single
phase with tetragonal structure (14/mcm space group).
The refined lattice parametess~ b ~ 5.4013 A and
c ~ 7.7448 A, which are close to the reported val-
ues[11]. We have calculated Mn—O bond lengths and
angles from the position of the ions in the unit cell
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Fig. 2. Magnetic susceptibilityy, as a function of temperature for

Srp.gCe 2oMnO3 under zero field cooling (ZFC) and field cool-

ing (FC) atH = 0.1 T. Inset shows the inverse susceptibility.
Solid line is the fitting data according to the Curie-Weiss law,
x=C/(T —06p).

two different bond lengths and angles. The difference
between Mn—-0O1 and Mn—-0O2 bond lengths indicates
that there is a strong $2mode JT distortion of the
MnOg octahedron and the doping electrons occupy the
ds,2_,2 Orbital ordering.

The temperature dependence of magnetic suscepti-
bility, x (T), under an applied field of 0.1 T is shown in
Fig. 2 ZFC and FC curves show that the sample is ab-
sent of long-range FM ordering. It undergoes a AFM
transition atTy (= 210 K), accompanied by a broad

and lattice parameters. The results show that there aremaximum, which indicates the dilute antiferromag-
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netism. A short range FM interactions between®Vin 12F 6
and Mrf* cannot be excluded, although there is no in-
dication for a bulk ferromagnetism. In the absence of a sl
FM ordering, the irreversibility between FC and ZFC
at 20 K indicates a spin-glass (SG) like transition re-
sulting from the AFM ordering and a short range FM
interactions. In order to study the magnetic interac-
tion further, we fit the experimental data in PM region
according to the Curie-Weiss law,= C/(T — 6p). St, Ce, ,MnO,
The temperature dependence of the inverse suscepti- -4
bility, 1/x, and the fitting curve are shown in the inset L L L L L ! L
of Fig. 2 It is found that the Curie-Weiss law is not 50 100150~ 200 250 300 350
satisfactory with the experimental curve in the full T(K)
PM tem.pt'a.rature range. The_ deviation of the '”Yerse Fig. 3.T dependence of Ip for Srg gCey oMnO3. Inset shows the
susceptibility, ¥, from the high-temperature straight fitting plot of »(7) curve according to the VRH model. The solid
line corresponding to non-interacting magnetic mo- line represents the fitting data.
ments (Curie—Weiss behaviour) marks the onset of the
magnetic interaction between magnetic mom¢2is.
De Teresa et a[22] observed the deviation of the in-  plies a greater disorder exists in the sample. A fact
verse susceptibility from the Curie—~Weiss law below is that in high temperature rang& & 250 K) po-
1.87¢ in PM region for Lg s7C&.33MNnO3 compound, laron hopping modep «~ T exp(E/kpT) can better
which signals the onset of short range FM correla- fit the data than VRH model. It has been reported that
tion. They detected the presence of magnetic polaronsin PM region the resistivity of Lg7Ca sMnO3 cannot
(small magnetic clusters whose size is about 12 A) in be fitted with one conducting mechanism due to inho-
the PM state below.87¢ using small neutron scatter- mogeneous magnetisfp3]. For Sp sCey 2MnO3, the
ing technique. For 3Ce 2MnO3 sample, the effec-  different conducting mechanism in PM region may be
tive magnetic momentes deduced from experiment  due to the formation of FM clusters because of the JT
is about 596 g, which is larger than the calculated distortion and the random potential fluctuations due to
value (410up). Such a largeuef may be ascribed  A-site cations.
to the appearance of magnetic clusters in PM region.  The results of internal friction and Young's mod-
On the other hand, the positive Weiss constéat ulus measurements under zero field are shown in
(6p = 15 K) approves the presence of short range FM Fig. 4a) and (b). We define the resonant frequency at
interactions in PM region. 300 K fp. In the fundamental modef§ = 1516 Hz),

Fig. 3 shows Ino(T) curve for SpgCey.oMnO3 the internal friction 0 1) peak at 250 K is observed.
sample. The sample exhibits an insulating behav- In order to study the character of th@ ! peak,
ior in measuring temperature range. The temperature Q~1(7) are measured in the first free flexural mode
dependence of resistivity data is fitted by various (changing the measuring frequengyto 2.76f). The
models such as the adiabatic polaron hopping model 9—1 peak shifts to higher temperature (262 K) with
o~ TexpE/kgT), the activated hopping model increasing measuring frequency, which demonstrates
p «~ eXpE/kpT), and the variable range hopping that the peak is associated with a thermally activated
(VRH) model p «~ exp(To/ T)Y4. It is found that the relaxation process. Combining with the results of sus-
resistivity could be best fitted with the Mott's VRH  ceptibility and resistivity, as discussed before, the peak
model in large temperature range. The fitting result should ascribe to the formation of FM clusters. In
with VRH model is shown in the inset dfig. 3. Fit- fact, the PM region appears to be dominated by lo-
ting parameterTy obtained from the fitting result is  cal ferromagnetic fluctuations (FMF) that are presum-
1.1 x 108 K. According Mott’s VRH theory the para-  ably mediated by M#i*/Mn*t hopping-induced DE
meter Ty is inversely proportional to the localization interactions. The fluctuation in size or motion of the
length of the carriers. So the large value Bf im- FM domain is generally accompanied by lattice dis-
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Fig. 4. Temperature dependence of internal fricidn! (empty cir-
cle) and Young's modulua E « f2 (solid line) measured in (a) the
fundamental modef = 1516 Hz) (b) the first free flexural mode
(fo = 4184 Hz). 1y is defined the resonant frequency at 30071

is the internal friction peak temperature.
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tortion. If the deformation is inhomogeneous, the com-
ponents with different lattice deformations have differ-

ent mechanical properties, which result in stress con-

centration, the propagation of lattice deformation and
motion of boundaries among different components.
Thus, from a viewpoint of mechanics, th@ ! peak
in PM region can be induced. The similar! peak in
La;—.Ca,MnOs3 were observed in PM region by other
authors[18,24] Ma et al.[24] observedQ 1 peak in
Lap/3Ca,3Mn0O3 in PM region, suggested to originate
from the formation of the magnetic clusters.

In a thermally activated relaxation process, the in-

325

£ (10° Hz?)

2.2

'l 'l
300 350

T (K)

200 250

Fig. 5. Temperature dependence of internal fric@n! (empty cir-
cle) and Young's modulu@\ E o f2 (solid line) measured under
applied magnetic field off = 1 T. Tig is the internal friction peak
temperature.

energy,to is a constantkp is the Boltzman constant.
The 0~ is maximum when thet = 1. Through the
variation of theQ ~1 peak temperature with respect to
two different measured frequencies, the activation en-
ergy E, can be calculated with the equation:

| | 1 1\1
Eq =kp(In f1— nf2)<?2—ﬁ> . (4)

For Sp gCe oMnO3, the results aret, ~ 0.45 eV,

10 ~ 8.3 x 10~1* s. Markovich et al[25] observed
phase separation phenomenon inyk#a 1gMnO3
single crystal below and abo\#®-, and calculated the
volume of the FM cluster with the equatiohE =
KV, where K is the magnetic anisotropy, is the
volume of the clusterAE is activation energy de-
duced from ac susceptibility measured at different fre-
quencies. Approximately, using the valueff(= 10°
erg/cm?) in Ref. [25], we can calculate that the size
scale of the FM clusters in §§Cey2MnOs3 is about

20 nm. That is to say that the magnetic inhomo-
geneities result in nano-scale phase separation, which

ternal friction of relaxation process can be described iS Similar to that observed in other manganites and

by Debye equation:
—1 wT
=A——, 3
0 15 o?2e? 3)

whereA = 8E/Eg, §E is the relaxation of the mod-
ulus,w (w = 27 f) is the angular frequency, the re-
laxational time. In a typical thermally activated relax-
ation, the relation betweenandT can be expressed
ast = toexE,/kpgT), where E, is the activation

cuprates materiald.3,26]

In order to manifest that the internal friction peak
is related to the formation of FM clusters, tie 1(T)
are measured under an applied magnetic field of 1 T.
The results are shown iRig. 5. The 01 peak move
to higher temperature (256 K), which is consistent
with the fact that the formation of FM clusters moves
to higher temperature with such an applied magnetic
field. Under applied magnetic field the movement of
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the 01 peak testifies that peak is correlated with the
intrinsic magnetic inhomogeneity, which is assuredly
described as FM clusters in PM region.

Finally, we discuss the Young’'s modulus proper-
ties for this sample. In the vicinity dfy, the Young’s
modulus E (o f2) comes into being a valley and
reaches a minimum value. In other words, there is a
large softening oft in the vicinity of Ty . The Young's
modulusE, microscopically, reflects the strain among
the atoms. The elastic constant softening is the soft
mode and reflects the instability of the lattice to a
strain of a given symmetrj27,28] The 3/ electron
state of transition-metal ions has an electric quadru-
pole moment due to the orbital state as well as a mag-
netic dipole moment. This softening should originate
from the coupling of the orbital (quadrupolar) moment
of the e, orbital, dg2 ,2 andd,2_ 2, of Mn®" ion
to the elastic straifil7,20] The anomalous Young's
modulus properties imply the electron—phonon cou-
pling due to the JT effect may play an important role
in the sample.

4. Conclusions

We have systematically studied the resistivity, mag-
netic, internal friction, and Young’s modulus proper-
ties in Sp.gCey 2MnO3 sample. The experimental re-
sults prove the formation of the FM clusters in PM
region, implying the intrinsic magnetic inhomogene-
ity. Nano-scale phase separation likely appears in the
sample. The softening of Young’s modulus indicates
that there is a strong coupling of electron—phonon due
to JT effect.
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