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Phase separation induced by doping at Mn sites in Nd 0.5Ca0.5Mn0.98Ga0.02O3

Run-Wei Li,a) Ji-Rong Sun, Qing-An Li, Zhi-Hong Wang, Shao-Ying Zhang,
Zhao-Hua Cheng, Hong-Wu Zhao, and Bao-Gen Shen
State Key Laboratory of Magnetism, Institute of Physics and Center for Condensed Matter Physics,
Chinese Academy of Sciences, P.O. Box 603, Beijing 100080, China

Magnetic properties of Nd0.5Ca0.5Mn0.98Ga0.02O3 were investigated systematically through
magnetization and electron spin resonance~ESR! measurements. It was found that substituting 2%
Mn with Ga reduces the charge ordering temperature and induces an additional peak in the
magnetization–temperature curve at about 45 K. The magnetization and ESR measurements suggest
that the spin-glass-like phase induced by doping Ga at Mn sites and antiferromagnetic
charge-orbital-ordered phase coexist at low temperature, the paramagnetic phase and
antiferromagnetic phase coexist when the temperature is between the Ne´el temperature and the
charge-ordering temperature. ©2002 American Institute of Physics.@DOI: 10.1063/1.1446131#
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Recently, considerable efforts have been devoted to
hole-doped perovskite manganites Ln12xAxMnO3 ~Ln5rare
earth and A5alkaline earth! due to their rich variety of
physical phenomena such as colossal magnetoresistanc1–3

charge and orbital ordering,4–6 and phase separatio
~PS!.7–16 It is noteworthy that the PS has invoked consid
able interest recently. In the double-exchange model
other related models, the PS between ferromagnetic~FM!
and paramagnetic~PM! phases,17 AFM ~antiferromagnetic!
and PM phases, as well as FM and AFM phases7,18,19 have
been proposed theoretically. Moreover, PS phenomena w
confirmed experimentally in half doped La0.5Ca0.5MnO3

which are located at the boundary between the compe
FM and AFM ground states.9,12 Subsequent electron spi
resonance~ESR!,11 nuclear magnetic resonance~NMR!,14,15

Mössbauer spectra,20 and powder neutron diffraction21,22 in-
vestigations indicated that the PS occurs not only in h
doped samples, but also in various compositions. Howe
the mechanism of PS is still under debate. More recen
Moreo et al.23 have theoretically proposed that disorder c
induce PS in these systems with two phases with similar
energies. In this article, disorder was introduced by subst
ing 2% Mn with nonmagnetic Ga in narrow-ban
Nd0.5Ca0.5MnO3 ~NCMO! and the magnetic properties o
Nd0.5Ca0.5Mn0.98Ga0.02O3 ~NCMGO! were investigated sys
tematically. The magnetization and ESR results suggest
PS occurs in the NCMGO, spin-glass-like~SG! and AFM
charge-orbital-ordered~COO! phases coexisting at low tem
perature, PM phase and AFM COO phase coexisting w
temperature is between the Ne´el temperature (TN) and the
charge-ordering temperature (TCO).

Polycrystalline sample of NCMO and NCMGO we
prepared by the solid state reaction processing. The w
mixed stoichiometric mixture of La2O3, CaCO3, MnCO3,
and Ga2O3 was calcined at 800 °C in air for 24 h. Then, th
as-obtained powders were pressed into pellets and sinter
1250 °C in air for 48 h, then furnace cooled to room te
perature. The phase purity of the synthesized samples
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examined by means of the powder x-ray diffraction, p
formed on a D/Max 2500 x-ray diffractometer with a rotatin
anode and CuKa radiation. The results show that NCMO
and NCMGO are of a single phase with an orthorhom
structure. The magnetization measurements were perfor
in a commercial superconducting quantum interference
vice magnetometer. The ESR measurements were carried
at 9.50 GHz using a BRUKER-200D spectrometer at vario
temperatures.

Figure 1 shows the temperature dependence of mag
zation ~M –T curve! of NCMO and NCMGO measured un
der a field of 0.5 T from 5 to 400 K. Similar to the resul
reported by Millangeet al.24 a pronounced peak is visible a
250 K due to the onset of charge ordering. Below 100 K,
magnetization begins to increase with decreasing temp
ture, which is related to the contribution of Nd ions. It
clear that substituting 2% Mn with Ga suppresses the m
netization peak at theTCO, shifting it towards low tempera-
ture, and furthermore, induces an additional magnetiza
peak at 45 K. The magnetic field annealing effect on
magnetization of NCMGO was measured. For these m
surements, the sample was cooled from 300 to 5 K in differ-
ent cooling fields (Hcooling) ranging from 0 to 5 T, and then
the magnetization was measured by warming the sample

FIG. 1. Temperature dependence of the magnetization for NCMO and
MGO measured under a field of 0.5 T from 5 to 400 K. The inset shows
Nd-removed temperature dependence of the magnetization under va
Hcooling for NCMGO.
1 © 2002 American Institute of Physics
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relatively small field~0.5 T!. After removing the contribution
of PM Nd ions to magnetization~the correspondingM –T
data of Nd31 ions was obtained by Brillouin function! and
neglecting the low-temperature anomaly due to the inte
tion between Nd and Mn ions, the Nd-removedM –T curves
were shown in the inset of Fig. 1. Obviously, a nearly sy
metric magnetization peak at about 45 K appears in the z
field-cooled mode, but not in the field-cooled case. Additio
ally, the field-cooledM –T curves show FM characteristic
and the magnitude of the low-temperature magnetization
creases with theHcooling. In the temperature range above 1
K, no difference in the magnetization was observed in sp
of the differentHcooling.

Figure 2 and its inset show the magnetization hyster
loop of NCMGO and NCMO at several temperatures. F
NCMGO, below 125 K, all the curves present a remarka
hysteresis. At 5 K, a linear field-dependent magnetizatio
first observed at low field, and then a field-induced magn
transition, which is dubbed metamagnetic transition, occ
at a critical field of about 2.5 T. In addition, the magnetiz
tion does not saturate even under a field of 6 T. The crit
field for the metamagnetic transition decreases with the
creasing temperature and is not well defined at 75 K tho
a hysteresis can still be observed. When the temperatu
above 125 K, similar to NCMO~see the inset of Fig. 2!,
NCMGO shows a nearly linear field-dependent magnet
tion without obvious hysteresis appears in the magnetic fi
range studied. All the low-temperature features exhibited
M –T and M –H curves suggest that, in NCMGO, the S
phase sets in at low temperature and can be transformed
the FM phase under a magnetic field. As we know, char
ordered phase can also be melted into a FM phase. Fo
ample, for NCMO, the critical field of charge ordering me
ing is more than 20 T at 4 K and near 15 T at 200 K.25

However, for NCMGO, when temperature is above 125
which is well below theTCO, but well above the temperatur
where the low-temperature magnetization peak appears
metamagnetic transition was observed even under a field
T though the field is much larger than the critical field of t
metamagnetic transition at 5 K~2.5 T!. Thus, the metamag
netic transition observed at low temperature is different fr

FIG. 2. Magnetization hysteresis loop of NCMGO at various temperatu
the inset shows the magnetization hysteresis loop of NCMO at 5 K.
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the melting of charge ordering, but is related to the transit
from the SG state to the FM one.

The Hcooling dependence of the magnetization measu
at 5 K was shown in Fig. 3. For these measurements,
sample was cooled from 300 to 5 K at variousHcooling, and
then the magnetic field was swept cyclically betwe
Hcooling– 0 –2Hcooling. All the curves exhibit FM character
istics, but do not saturate even forHcooling55 T. To quantify
the FM component induced by the field-cooling procedu
we have obtained the magnetizationM0 by extrapolating the
curves from Hcooling to 0 T, The AFM phase has zero
spontaneous magnetization, and thus, theM0 is proportional
to the FM fraction. In the case that the whole sample w
FM, theM0 of NCMGO at a very low temperature should b
3.42 mB /f.u. ~formula unit! ~neglecting the Nd31 contribu-
tion!. When Hcooling55 T, the M0 is 0.71 mB /f.u. for NC-
MGO and 0.08mB /f.u. for NCMO perhaps resulting from
minor defects~shown in the lower inset of Fig. 3!, and the
fraction of the FM phase of NCMGO can be estimat
roughly as 0.71mB/3.42mB521\%. Interestingly, with in-
creasing theHcooling, the coercivity (Hc) decreases sharpl
and the remnance (Mr) increases linearly~as shown in the
upper inset of Fig. 3!. In some sense, the decrease of theHc

with increasingHcooling can be ascribed to that the FM clu
ters is very small, probably nanometer-sized, and their s
increases with theHcooling.

Moreoet al.23 have shown that disorder can induce PS
these systems with two phases with similar free energ
The disorder could be related to inhomogeneous struc
strain, cationic disorder, and nonuniform oxygen distributio
When substituting nonmagnetic Ga31 for Mn31, a part of
the Mn31 – O– Mn41 network is broken, so the double
exchange interaction as well as the superexchange inte
tion is weakened. In other words, the introduction of disord
at Mn sites in NCMO effects the electron parameters such
the AFM superexchange interaction, and nearest-neigh
hopping integral. As a result, the long-range charge orde
is prevented, and the SG clusters set in due to the comp
tion between the FM double exchange and AFM super

s,

FIG. 3. Magnetization as a function of the magnetic field under vario
Hcooling for NCMGO. The lower inset shows the case ofHcooling55 T for
NCMGO and NCMO, respectively. The upper inset shows theHcooling de-
pendence of the coercivity (Hc) and the remnance (Mr) for NCMGO.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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change interaction. If Ga ions distribute homogeneously
the whole sample and serve as quenched centers for th
clusters which shape globally, in other words, there are
SG clusters in one hundred unit cells, the size of the
clusters which can be transformed in to FM clusters in
field-cooled mode can be estimated according to the ma
tization data. For example, cooling NCMGO under a field
5 T, an equation can be obtained 234/3(d/2)3/100V0

521%, whered is the size of the FM clusters andV0 is the
volume of unit cell. The result shows that a FM cluster co
tains approximately ten single cells and its size is abou
nm, which can be well responsible for the change of theHc

with the Hcooling.
In order to investigate the puzzling magnetic state in

temperature range from theTN ~near 170 K, as reported in
Ref. 24! to the TCO, the ESR spectra were measured fro
120 to 300 K in the magnetic field sweeping mode~0–8000
G! for NCMO and NCMGO. As shown in Fig. 4, in th
whole temperature range studied, the ESR signals consi
a single peak which is of Lorentzian lineshape with a Lan
factorg52.0. The signal has been believed to be due prim
rily to PM Mn ions.26 Interestingly, the ESR intensity begin
to increases steeply with increasing temperature when t
perature is above 170 K where the AFM order begins to
destroyed. As we know, for a complete PM phase, the E
intensity will decreases with increasing temperature acco
ing to I}v exp(E/kBT), wherev is the PM phase volume,E is
the activation energy,kB is the Boltzmann constant. How
ever, for our sample, the ESR intensity increases with te
perature in the whole temperature range studied, which s
gests the presence of other phases, probably the AFM C
phase except the PM one, and that the fraction of the
phase increases with increasing temperature at the expen
the AFM COO phase.

FIG. 4. ESR spectra for NCMO~a!, and NCMGO~b! measured from 120 to
300 K in the field-sweeping mode from 0 to 8000 G. The inset of~a! and~b!
show the temperature dependence of the normalized ESR intensity.
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In summary, by systematically investigating the ma
netic properties of NCMGO, it was suggested that, in N
MGO: ~i! SG and AFM COO phases coexist at low tempe
ture, ~ii ! PM and AFM COO phases coexist when th
temperature is between theTN andTCO, and the PM phase
increases its fraction with increasing temperature at the
pense of the AFM COO phase volume.
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