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We have systematically investigated the structural, magnetic, and transport properties of the Sr;_ .Ce MnO;
(0=x=0.35) system as a function of temperature and magnetic field. For x=0.10, the system does not show
any long-range magnetic ordering but spin-glass-like behavior at low temperatures below Tgg. The in-phase
susceptibility x below Tgg decreases and Tgg shifts toward higher temperature with the frequency of an ac
magnetic field. In the paramagnetic state, y exhibits an unusual 7 dependence due to the formation of a
microscopic inhomogeneous magnetic phase. For the x=0.25 sample, both p and y show an anomaly at around
110 K due to a charge-ordering transition. Both the x=0.25 and 0.35 samples show large negative magnetore-

sistance over a wide range of 7.
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I. INTRODUCTION

Mixed-valent manganites R;_,4,MnO; (R=rare-earth ion;
A=Ba,Sr,Ca,Pb) show fascinating properties due to the cor-
relation between spin, charge, orbital, and lattice
dynamics.!"® The two end members RMnO; and AMnO; are
A- and G-type antiferromagnetic (AFM) insulators, respec-
tively. Up to now, most of the studies have concentrated on
the R-rich side and very little work has been reported on the
Ca- or Sr-rich side.”"!3 Although the electronic configuration
remains the same (t;g), the AFM transition temperature 7 in
Sr;_,Ca,MnO; decreases from 233 to 125 K as x increases
from 0 to 1 and at the same time the Mn-O-Mn bond angle 6
decreases from 180° to 158.8°.4 T\, can be described as a
function of cos?f related to the superexchange interaction
integral and the A-site ionic size variance. In spite of the
above differences in structural and magnetic parameters be-
tween SrMnO; and CaMnOs, one expects that the evolution
of several physical properties in these two systems on sub-
stitution of Sr and Ca with a rare-earth metal will be similar
to that of hole-doped manganites (R, .4, MnQOs).

Maignan et al.'> reported large negative magnetoresis-
tance (MR) in the electron-doped Ca,;_,Ce,MnO; system. In
this compound, the formal valence of the Ce ion is 4, a small
amount Ce doping stabilizes a robust ferromagnetic (FM)
component in addition to the existing long-range AFM or-
dering, and a charge-ordering state appears for 0.075<ux
<0.20.!3 The physical properties of Ca,_,Ce,MnO5 are simi-
lar to that of hole-doped manganites.'*!* As in the case of
Ca,_,Ce,MnO;, doping SrMnO; with Ce will create Mn3"
and eventually introduce a FM double exchange interaction
between Mn** and Mn>" ions and show large negative MR
similar to hole-doped manganites. However, Sundarsen et
al.’ have shown that the electron-doped Sr,_,Ce,MnO; does
not show large negative MR and charge ordering. Also the
magnetic susceptibility (y) versus T curve for x>0.10
samples shows a broad maximum, which is absent in hole-
doped manganites. They have explained this unusual behav-
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ior of y using the dilute AFM model. The differences in
magnetic and transport properties between Sr;_ .Ce MnO;
and hole-doped manganites invoke further studies on this
system using single phase samples with classical perovskite
structure. With this idea, we have prepared single phase
Sr;_,Ce,MnO; samples using a two-step method and studied
the structural, magnetic, and transport properties over a wide
range of temperature and magnetic field. The results are
compared and contrasted with earlier reports on
Sr-,Ce,MnO; (Refs. 15 and 16) as well as with
Ca;_,Ce MnOj; (Ref. 13) and hole-doped manganites.

II. SAMPLE PREPARATION
AND EXPERIMENTAL DETAILS

Polycrystalline samples of nominal compositions
Sr;,Ce,MnO; (x=0-0.45) were prepared by using a two-
step method reported previously by different groups for the
preparation of a similar type of compounds.'®!* First, sto-
ichiometric proportions of high-purity SrCO;, CeO, and
Mn,05; were mixed and calcinated at 900°C to decompose
the carbonate, and pressed into pellets at high pressure. The
pellets were then heated again at temperatures between 1350
and 1400°C in flowing argon to obtain oxygen-deficient
single-phase samples. This procedure was repeated several
times with intermediate grinding. In the second step, these
oxygen-deficient samples were annealed at 500°C in flowing
oxygen for a few days, and then slowly cooled to room tem-
perature to obtain oxygen-filled samples. Instead of the two-
step method, if we prepare StMnOj; in air by the conven-
tional one-step solid-state reaction as reported earlier, then
the structure becomes hexagonal.!® The samples were char-
acterized by an x-ray-diffraction (XRD) technique with
Cu K, radiation (\=1.5406 A). Magnetic properties, both dc
and ac magnetization, were measured using a SQUID mag-
netometer (QUANTUM DESIGN) up to a field of 5 T for
2<T<650 K. The high-field magnetization was measured
by a dc extraction method within an OXFORD cryomagnet
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FIG. 1. Variation of lattice parameters a, b, ¢ and the unit-cell
volume ¥ with Ce doping (x). The lattice Earameters a, b, and ¢ for
the x=0 sample have been multiplied by V2, 2, and 2, respectively,
to show their systematic evolution with Ce doping.

in fields up to 14 T. The dc electrical resistivity and the
magnetoresistance were measured by a standard four-probe
technique in the same OXFORD cryomagnet system.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Structural analysis

The XRD measurements show that all the samples inves-
tigated are of single phase. Above x=0.35, a small impurity
phase of CeO, appears and it increases with increasing x.
The XRD pattern of SrMnO; can be indexed assuming a
cubic structure with lattice parameter a=3.805 A, which is
close to the reported value.'®!* A small amount of Ce doping
changes the crystal symmetry from cubic to orthorhomblc
The volume of the orthorhombic unit cell is four (\2 X \2
X 2) times that of the cubic unit cell. In 4BO;, the different
lattice distortions can be determined by the tolerance factor
t=((r )+ o /[N2((rg)+{ro))]. Here, (r) represents the
ionic size of each element in ABO; perovskites. When ¢ is
close to 1, the cubic perovskite structure is obtained (e.g.,
StMnOs). As Sr** is partially substituted by Ce*" of smaller
size, t decreases from | and the lattice symmetry transforms
from cubic to orthorhombic, in which the Mn-O-Mn bond
angle decreases from 180°.

Figure 1 shows that the lattice parameters do not vary
linearly with Ce content x. The parameter b increases with x
and shows a broad maximum at around x=0.25, close to the
critical doping where the charge-ordering state is observed
(to be discussed in detail in the subsequent sections). The
unit-cell volume V also increases with x and shows a maxi-
mum close to x=0.25. This anomalous increase of /" with the
substitution of Ce with smaller ionic radius is due to the
creation of Mn**, which is larger than Mn*'. The dependence
of both ¢ and ¢ on x is slightly different from that of b.
Initially, a and ¢ increase with the doping and then become
almost independent of x above 0.20. Hashimoto and
Iwahara'® observed tetragonal structure up to x=0.50,
whereas Sundaresan et al.!® reported tetragonal symmetry
only for x=<0.30 but orthorhombic beyond 0.30. We believe
that these differences in structural properties between the
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FIG. 2. Temperature dependence of the field-cooled (FC) and
zero-field-cooled (ZFC) susceptibility of Sr;_Ce,MnO; for x
=0.15,0.25, and 0.35 have been measured at magnetic fields, H
=50 Oe¢ and 2 T. The spin-glass-like (7sg) and charge-ordering
(Tco) transition temperatures are indicated by arrows. Inset shows
FC and ZFC susceptibility at 50 Oe close to T¢g for x=0.35
sample.

present and earlier works are due to the use of different roots
for the sample preparation. In the present work, all the
samples were prepared by the two-step method. Samples pre-
pared in this way are of single phase with classical perov-
skite structure for 0=<x=10.35. On the other hand, samples
prepared by the conventional one-step solid state reaction are
not single phase for low Ce doping and the structure of
SrMnOs is hexagonal.

B. Magnetic properties

The temperature dependence of zero-field-cooled (ZFC)
susceptibility xzpc (=M zpc/H) and field-cooled (FC) suscep-
tibility xpc (=Mpc/H)) has been measured at different fields
for all the samples. In Fig. 2, we present xzpc(7) and xpc(7)
at two fields H=50 Oe and 2 T only for x=0.15,0.25, and
0.35 samples. Neither yzpc nor xpc shows an abrupt increase
at low temperature, suggesting the absence of long-range
magnetic ordering. On the other hand, the large difference
between xzpc and xpc, and the appearance of a cusp in xzpc
at around Tg;~42 K, indicates that a spin-glass-like behav-
ior dominates the low-temperature magnetic properties be-
low Tgg. It has been observed that when the magnetic field is
increased to 5 T, the irreversibility between FC and ZFC
susceptibility still exists and the cusp remains. However, the
cusp becomes relatively broad and shifts towards the lower
temperature. The broadening of the cusp and the decrease of
Tsg with magnetic field are stronger for x=0.35 than 0.25.
The x=0.10 sample shows a peak in magnetic susceptibility
at around 325 K similar to the previous report.!® This sample
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does not show any anomaly at around 295 K due to the AFM
ordering'® but it does show a spin-glass-like transition at
around 33 K. T becomes zero at 5 T. Also, for x>0.10
samples, y(7) does not show any broad maximum in the
temperature range between 200 and 300 K similar to the
previous report.'> This suggests that in our samples the AFM
ordering is suppressed fast with Ce doping and the spin-
glass-like state appears around x=0.10. The overall T depen-
dence of yzpc and ygc for these samples is similar to other
manganites where a spin-glass-like behavior has been
reported. 722

In addition to the spin-glass-like behavior at low tempera-
tures, both xzpc and ypc of the x=0.25 sample show an
additional feature close to 110 K due to the charge-ordering
transition. A strong suppression of magnetization from the
Curie-Weiss behavior due to the charge-ordering transition
below 110 K is clear from Fig. 2. ypc shows a broad maxi-
mum whereas yypc shows a minimum due to the stronger
decrease of yzpc as compared to xpc. Similar behavior of
magnetization has also been reported for La;_,.Sr;, MnO,
and Sm;_,Sr,MnO; systems close to the charge-ordering
transition.'®?3 In the vicinity of the charge-ordering transi-
tion (7o), a large irreversibility between FC and ZFC sus-
ceptibility is observed even at high fields and y is slightly
enhanced possibly due to the field-induced magnetization. In
the Ca;_,Ce,MnOj; system also, a broad peak has been ob-
served in y(7) for x=0.075, which has been attributed to the
charge-ordering transition.'3 If we assume a Ce*" valence
state of Ce in Sr;_,Ce,MnO; similar to that in
Ca;_,Ce,MnOs;, then x=0.25 corresponds to an equal amount
of Mn*" and Mn*" ions. This composition is ideal for the
occurrence of the charge-ordering phase via the repulsive
Coulomb interaction between Mn** and Mn**. Normally, the
charge-ordering transition is accompanied by the AFM tran-
sition, but this has not been observed in the present system.
In the La;_,Sr; ,MnO, system, Ty is suppressed completely
above x=0.2 as the spin-glass-like phase starts to appear, and
for x=0.5 the charge-ordering state coexists with the spin-
glass-like phase.!” The qualitative behavior of the 7 depen-
dence of magnetization for x=0.5 samples is similar to the
present x=0.25 Ce-doped sample.

To understand the low-temperature magnetic behavior
more clearly, we have measured the temperature dependence
of the ac susceptibility at different frequencies for both 0.25
and 0.35 samples (Fig. 3). Similar to xzrc, the real part of ac
susceptibility shows a maximum close to Tg. With increas-
ing frequency, the susceptibility decreases and the maximum
shifts towards higher temperature. This is a characteristic
feature of a spin- or cluster-glass state. We think that a
cluster-glass state would be rather more plausible than a
spin-glass state, especially in the case of cuprates, mangan-
ites, and cobaltates where the tendency of nanoscale elec-
tronic phase separation has been clearly demostrated.>* The
glassy state originates possibly due to the competition be-
tween the FM double exchange and the AFM superexchange
interactions. The average ionic radius (r,) of the A-site ion
plays an important role in electronic as well as in magnetic
properties because it controls the Mn-O-Mn bond angle,
which in turn determines the one-electron bandwidth of the

PHYSICAL REVIEW B 69, 224418 (2004)

0.029

x (emu/mol)

0.028

0.075

x (emu/mol)

0.070
2

T(K)

FIG. 3. The real part of ac susceptibility for the x=0.25 and x
=0.35 samples measured at 4 Oe ac magnetic field and at frequen-
cies 20 Hz and 1 kHz as a function of temperature. Inset shows T’
dependence of y between 2 and 250 K. The charge-ordering tran-
sition is also evident from this curve.

e, band. With decreasing (r,), the FM transition temperature
(T¢) decreases considerably, the system becomes insulating,
and shows spin-glass-like behavior below a critical value of
(r,).2> When Sr in SrMnO; is substituted by Ce with a
smaller ionic radius, then (r,) decreases and favors the spin-
glass-like state as in the case of other manganites. Ce-doped
CaMnO; does not show any spin-glass-like behavior.!3 This
may be due to the smaller ionic radius of Ca as compared to
the Sr ion. In this context, it is important to mention that the
layered La;_Sr; ,MnO, system with K,NiF, structure
shows spin-glass-like behavior when La is substituted by a
larger-sized Sr ion.!? This difference between the perovskite
and layered manganites may be due to the difference in their
crystal structure.

The field dependence of magnetization at different tem-
peratures is shown in Fig. 4. At high temperatures in the PM
state M(H) is linear. However, at low temperatures, the field
dependence of the isotherms is very different from that of a
typical FM system. Below 100 K, M(H) for the x=0.35
sample shows a negative curvature. For this sample, the area
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FIG. 4. Magnetic-field dependence of magnetization at different
temperatures for x=0.25 and 0.35 samples. Inset: hysteresis behav-
ior for the x=0.35 sample at 4.2 K up to 14 T.
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FIG. 5. Temperature variation of inverse magnetic susceptibility
(x 1) for the x=0.25 and 0.35 samples in the paramagnetic region.
Solid lines show Curie-Weiss behavior for free manganese mo-
ments (C~3).

of hyteresis loop and the coercive field are very small. Both
features are characteristic of the spin-glass-like phase.?® For
the x=0.25 sample, M(H) is almost linear over the whole
range of field and down to the lowest temperature 4.2 K, and
its value at a given field is smaller than that for the 0.35
sample. At low temperatures, the behavior of M(H) of
Sr;_,Ce,MnO; is very different from that of
Ca,_,Ce,MnO;."3 In the latter system, a significant amount
of spontaneous moment has been observed due to the in-
crease of the FM component with Ce doping, and the spin-
only moment of Mn ion is larger than that in Sr;_ Ce,MnOj;.
The absolute value of the moment at 4.2 K and at the 14 T
field is 1.27 up/Mn for the 0.35 sample. If we assume that
the valence state of Ce is 4, then this value is much smaller
than the calculated spin-only moment 3.7 uz/Mn.

Figure 5 shows y !(T) for the x=0.25 and 0.35 samples.
In the PM state, the expected Curie-Weiss law for free Mn
ions is not observed and y !(T) shows a positive curvature.
For both samples, the values of C (Curie constant) deter-
mined from the slope of x'(7) at low temperature are much
larger than the calculated value using the spin-only moment
of the free Mn ion, and 6, (Weiss constant) is negative. This
unusually high value of C implies the formation of magnetic
clusters of a few Mn ions together. However, in the material
there will be a distribution of cluster size containing Mn>*
and Mn*" ions, i.e., an inhomogeneous magnetic phase or
nanoscale phase separation. These clusters will grow with
decreasing 7 down to T, at which point they freeze due to
the severe intercluster frustration and lead to the formation of
a spin- or cluster-glass-like state below 7sg. The decrease of
C with T up to ~500 K is due to the decrease of cluster size.
Above 500 K, an approximate linear behavior of y'(7) has
been observed with C close to the calculated value (~3) for
free Mn ions. Also, in this temperature range, ¢, becomes
positive and the corresponding values of ¢, are 250 and
240 K for the 0.25 and 0.35 samples. For the x=0.35 sample,
x shows a small enhancement below 80 K (not shown here).
This also indicates a short-range FM interaction between the
Mn ions. A positive curvature in y '(7) has been reported for
the Smy ¢sSt 3sMnO; system above T.>” This behavior has
been attributed to the formation of small manganese-
ion clusters due to the charge and structural fluctuations
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FIG. 6. Resistivity as a function of temperature at different mag-
netic fields for x=0.25 and 0.35 samples. Inset shows a small
anomaly in p in the vicinity of the charge-ordering transition (7o)
for the x=0.25 sample.

associated with the inhomogeneous Sr distribution in this
compound.

C. Resistivity and magnetoresistance

Figure 6 shows p(T) curves for the x=0.25 and 0.35
samples at magnetic fields /=0 and 14 T. For both samples,
p increases monotonically with decreasing 7 down to the
lowest temperature measured. p(7) for the 0.25 sample
shows an anomaly at around 110 K where a broad maximum
has been observed in the M(7) curve. Similar behavior has
also been observed in the Ca;_,Ce,MnOj; system close to the
charge-ordering temperature.'® For x=0.35, no such anomaly
has been observed. This weak anomaly in the vicinity of 7
for the x=0.25 sample is suppressed at high magnetic fields.
Application of a magnetic field shifts the p(7) curves for
both samples towards low temperatures, hence producing a
large negative MR. The increase of resistivity with Ce dop-
ing is possibly due to the decrease of Mn-O-Mn bond angle
from 180°.

Fig. 7 shows the temperature dependence of the MR ratio
Ap/p(0)=[p(0)—p(H)]/p(0) at 14 T for the x=0.25 and 0.35
samples. MR is large over a wide range of 7 for both
samples. Except in the vicinity of 7q, the 7 dependence of
Ap/p(0) for the 0.25 sample is weak. Close to To, Ap/p(0)
shows a sharp increase due to the suppression of the charge-
ordering state with magnetic field. MR for the x=0.35
sample decreases monotonically with 7. MR of this sample
is larger than that for the 0.25 sample. For instance, Ap/p(0)
is 99% and 52% at 35 K for the 0.35 and 0.25 samples,
respectively. This high value of MR is comparable with that
observed in the case of hole-doped manganites and electron-
doped Ca;_,Ce ,MnOs;.

We have also measured p(H) at different T for the 0.25
and 0.35 samples to get a better picture of the nature of the
field dependence of MR (Fig. 8). In colossal magnetoresis-
tive materials, p(H) shows a positive curvature below T.28%
The absence of long-range FM ordering is consistent with
the absence of the positive curvature in p(H) at low tempera-
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FIG. 7. Temperature dependence of magnetoresistance at 14 T
for the x=0.25 and 0.35 samples. Ap/p(0) for the x=0.25 sample
shows a strong anomaly close to the charge-ordering transition 7.

tures. It is evident from the figure that for the 0.35 sample, a
new feature develops in Ap/p(0) versus the H curve above
75 K. Initially, p increases with H and then decreases with
further increase of H above a field of ~2-3 T. This effect is
absent in the 0.25 sample. Similar to Srg45Ceq35MnO5,
Bi;_,Ca,MnO; (x=0.875) shows positive MR over a narrow
range of T at around 100 K.3° Bi,_.Ca,MnO; is a FM insu-
lator and shows charge-ordering. In both systems, positive
MR is observed close to a critical doping (x,.) above which
the charge-ordering state disappears.’! Large positive MR
has also been observed close to 7Tq in the case of the FM
insulator Lag g75Stg 1,sMn0O5.# In this system, positive MR is
due to the increase of Tq with H. It has been suggested that
Tco increases with H due to the decrease of Jahn-Teller dis-
tortion in the FM state. Though Sry¢sCe(3sMn0O; does not
show long-range FM ordering, the positive value of ¢, and
the small enhancement of x below 80 K suggest that the
interaction between Mn ions is FM in nature. We believe that
the occurrence of positive MR over a narrow range of doping
and temperature is due to the subtle interplay between struc-
tural, magnetic, and charge-ordering phenomena.

0.0 s
g 02
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(=%

< -04
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FIG. 8. Magnetic-field dependence of the resistivity at different
temperatures for the x=0.25 and 0.35 samples.
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FIG. 9. Magnetic and electronic phase diagram. Transition tem-
peratures, Tsg and 7o, determined from magnetic and transport
properties are plotted as a function of doping (x). Tsg for both H
=0 (filled circle) and 5 T (open circle) are shown.

It is worthwhile to compare and contrast the evolution of
physical properties of Ce-doped Sr;_,Ce MnO; with divalent
doped charge-ordering systems. Martin et al.?* have shown
that the physical properties of the charge-ordered systems are
very sensitive to the A-site mean ionic radius (r,) and the
A-site cationic size mismatch, which is quantified by the
variance o2 of the ionic radii.*? (r,) of Sry,sCe,sMnO5 is
comparable with that for the Sm, ,SrMnO; and
Pr;_,Sr,MnO; systems close to y=0.50.2 However, the
value of o2 is about two and four times larger than the cor-
responding values for Sm,/,Sr;,MnO;5 and Pr;/,Sr;,MnOs;.
Similar to Sm;_,Sr,MnO3 and Pr;_,Sr,MnOs3, colossal mag-
netoresistance has been observed in Sr;_,Ce MnO5; mainly in
the hole-doped region (x=0.25). The doping range (0.15
<x=0.35) over which charge-ordering behavior has been
observed in Sr;_,Ce ,MnOj; is also comparable with that for
Sm;_,Sr,MnOj;. It may be mentioned here that there are also
some differences in the physical properties between the two
systems. For example, the latter system becomes FM and
metallic over a narrow range of doping around y=0.35 while
the former system does not show any long-range magnetic
ordering, and resistivity continues to increase with doping
even beyond x=0.25. We believe that this behavior of
Sr;_,Ce MnOj is due to the decrease of (r,) as well as to the
increase of o2 with x, which becomes maximum at x=0.50.
It may be interesting to compare the weak anomaly at around
110 K in the p(7) curve of the Srj75Ce(,sMnO5 sample with
that for Prj4sSr,ssMnO;23, which shows stripelike charge
ordering.??

D. Phase diagram

Based on the magnetic and transport properties discussed
above, a phase diagram has been constructed for
Sr;_,Ce,MnO;, i.c., the dependence of Tsg and T on dop-
ing (Fig. 9). Tgg shows a broad maximum at around x
=0.25 and decreases with the application of a magnetic field.
The decrease of Ty is weaker for samples around x=0.25
doping. It is also clear from the figure that the spin-glass-like
transition can be suppressed completely at magnetic fields
higher than 5 T for x=0.30 as well as for x<<0.15 samples.
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Similar to Tsg, Tco also shows a maximum at x=0.25. In
magnetic measurements, we did not observe an appreciable
change in T up to the 5 T field.

IV. CONCLUSIONS

The structural, magnetic, and transport properties of the
Ce-doped SrMnOj; system have been investigated. Doping
with Ce introduces Mn*, which in turn enhances the double
exchange interaction. This affects both magnetic and trans-
port properties dramatically. The magnetic response of
Sr;-,Ce,MnOj is different from that of ferromagnetic man-
ganite systems, possibly due to the strong competition be-
tween the double exchange and superexchange interactions.
Both dc and ac magnetization measurements indicate that 7
decreases rapidly with x, and a spin- or cluster-glass-like
state appears below Tgg for x=0.10 and 7; decreases with
magnetic field. The x=0.25 sample shows a charge-ordering
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transition at around 110 K in magnetization and resistivity
measurements. Similar to hole-doped manganites?® and
electron-doped Ca;_,Ce,MnOs;, the x=0.25 and 0.35 samples
exhibit a large negative magnetoresistance over a wide range
of temperature. We have observed some similarities as
well as important differences between our and pervious re-
sults on structural, transport, and magnetic properties of
Sr;-,Ce,MnOs. In an earlier report, neither the magnetization
nor the resistivity measurement shows the charge-ordering
phenomenon in this system. This may be due to the use of
different methods for the sample preparation.
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