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Synthesis,

structure and magnetic properties of Ru doped perovskite structured manganite

Lag 55195 MnO3 were investigated experimentally. A hydrothermal method was used for the prepa-
ration of the samples. A high-temperature annealing process was also employed to make a comparison.
A slightly enhancement of the unit cell volume was observed with the increase of Ru concentration.
Scanning electron microscopy shows that the materials are made up of cube-shaped particles with
dimension of several micrometers. Importantly, it is found that both the Curie temperature Tx and
saturation moment can be reduced by Ru doping. The value of coercive field is not affected by the

introduction of Ru.
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1 Introduction

Transition metal compounds with the perovskite structure
were investigated extensively for several decades, since
the discovery of high-temperature superconductivity in
cuprates [1]. The manganite (La,Sr)MnOs and other ana-
logues, also with the perovskite structure, were studied for
many years due to the colossal magnetoresistance (CMR)
which has potential applications in magnetic devices [2—
7]. Besides the CMR feature, this system also shows a
rather complicated magnetic behavior and crystal struc-
ture with the variation of the chemical compositions [8-
10]. The physical properties can also be tuned by chemical
doping on the site of Mn [11-21]. However, the influence
of the dopants on the physical properties is rather contro-
versial. For example, the Curie temperature T was found
to decrease with Ru doping by some researchers [15-17],
while an enhancement of T was also reported by other
groups [18, 19]. So these issues need to be clarified by more
reliable experiments.

The solid-state reaction method at the temperature
above 1200°C was used widely to synthesize the poly-
crystalline samples of (La,Sr)MnOs [17-19]. Later on, a
mild hydrothermal method under low temperature was
also developed [22-24]. Besides the simplicity of the syn-

thesis procedures and the low energy consumption, hy-
drothermal method also shows advantages in improving
the homogeneity of the samples, especially controlling the
oxygen content [23]. It was found that the chemical com-
position of the hydrothermal samples is close to the ideal
value and the deviation of oxygen is only about 1% for
Lag.5Sr0.sMnOg [23]. This is important for the fundamen-
tal research and may facilitate the obtaining of intrinsic
properties. To our knowledge, there is no reports on the
Ru doped Lag.5Srg s MnOg3 by the hydrothermal method.

In this paper, we report the hydrothermal synthesis,
structure characterization, and physical investigations of
Ru doped Lag 5519 5sMnO3. With the increase of Ru dop-
ing, the c-axis lattice constant increases slightly while the
a-axis lattice remains unchanged. Both the Curie temper-
ature T and saturation moment are suppressed by Ru
doping. A comparative experiment was also conducted by
annealing one hydrothermal sample at high temperature.

2 Experiments

Lag.5Sr0.5Mny_,Ru, O3 (x =0, 0.1, 0.2, 0.3) samples was
synthesized by hydrothermal method. In a typical syn-
thesis, 1.75 mmol MnCl;-4H>O, 1.25 mmol SrCly-6H50,
1.25 mmol La(NO3)3-6H20, 0.75 mmol KMnOy4 were suc-
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cessively added into the 15 mL deionized water by stir-
ring for 30 minutes and then KOH as a mineralizer was
slowly added with continued stirring for 60 minutes. Fi-
nally, the solution was poured into 25 mL Teflon-lined
autoclave and heated to 240°C for 40 hours. The re-
acted precipitate was cleaned with deionized water and
ethanol several times and then dried at 80°C for 24 h.
The dried black powder is polycrystalline Lag 5519 5 MnOs5,
along with a small amount of La(OH)3. The Ru doped
Lag.5Sro.5sMny_,Ru,; O3 (z = 0.1, 0.2, 0.3) were obtained
by partially replacing the reagent KMnO4 with KRuO4
appropriately. In order to have a comparison, the hy-
drothermally synthesized samples were annealed at high
temperature: Lag.5Srg.sMn;_Ru, O3 powders with small
amounts of La(OH)s were cold pressed into pellets and
thermally treated at 1000°C for 24 hours in air.

The actual Ru concentrations were checked and deter-
mined by the energy dispersive X-ray spectroscopy (EDS)
measurements on an Oxford Instruments device. The crys-
tal structure was checked by powder X-ray diffraction
(PXRD) measurements at room temperature using a DX-
2700 diffractometer with Cu K, radiation. The morphol-
ogy of the samples was characterized by JSM-6510 scan-
ning electron microscope (SEM). The magnetic properties
were measured on a Quantum Design magnetic property
measurement system (MPMS).

3 Results and discussion

3.1 Composition, morphology and structure

The actual doping levels of the samples were analyzed and
determined by the energy dispersive X-ray spectroscopy
(EDS) measurements. The results can be seen in Table
1. The Ru concentration determined from EDS measure-
ments, rgpg, will be used in the following discussions of
the present paper.The morphology of the hydrothermal
samples with zgpg = 0 and 0.066 were evaluated by SEM.
As shown in Fig. 1, the material is made up of cube shaped
particles with typical dimension 5-10 pwm, which is quite
similar with that previous reported by Spooren et al. [23].

As shown in Fig. 2(a), both the X-ray and neutron
diffraction experiments have revealed a distorted per-

Table 1 Actual Ru concentrations and lattice con-
stants for three hydrothermal (abbreviate as Hy-)
Lag.55r0.5sMni—Ru;O3 (¢ = 0, 0.1, 0.2, 0.3) materials
and one annealed (abbreviate as An-) sample (z = 0).

Materials TEDS a (A) c (A) Vv (A3)
An-z =0 0 5.43918 7.73798 228.926
Hy-x=0 0 5.43579 7.73213 228.468
Hy- 2 =0.1 0.066 5.43624 7.76826 229.573
Hy- 2 =0.2 0.082 5.43535 7.77670 229.747
Hy- 2=0.3 0.136 - - -
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Fig. 1 Scanning electron micrographs of hydrothermal
Lag.55r0.5sMni_Ru, O3 with 2gps =0 (a) and 0.066 (b)

ovskite structure in Lag5SrgsMnOs [8, 23]. Here we
examined the crystal structure of our samples by the
PXRD measurements. The PXRD patterns of hydrother-
mal Lag 5Sro5Mn;_,Ru, O3 (zgps = 0, 0.066, 0.082,
0.136), along with the annealed sample with zgps = 0,
were showed in Fig. 2(b). Obviously all the hydrothermal
samples are accompanied by a small amount of La(OH)3
as indexed by the asterisks, which rises gradually with
the increase of Ru concentration. In the annealed sample,
La(OH)s is absent and small amounts of LasOs can be
observed.

La(OH)s is the major impurity in the process of hy-
drothermal synthesis. It has been reported that the hy-
drothermal temperature and reaction time have signifi-
cant influences on the products [24]. During the process
of heating, the La(OH)3 nucleus begin to appear and
form nanocrystals around 180°C [25]. With the prolon-
gation of reaction time and the increasing of tempera-
ture, the La(OH)3 nanorods release La3* ions, which pro-
vide enough elements for the formation of Lag 5Srg. s MnOg3
crystals [24]. In this meaning, higher temperature or
longer reaction time is beneficial to decrease the num-
ber of La(OH)3 nanorods. We have tried longer reaction
time (40 and 60 hours) and no differences can be found
compared with 24 h. As for the reaction temperature,
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Fig. 2 (a) A sketch map of the crystal structure of
Lag.55r0.5Mni_zRu,Os. It is a distorted perovskite structure.
(b) X-ray diffraction patterns for Lag.5Sro.5s Mn;—;Ru; O3 sam-
ples with different doping levels. One can see that all the main
peaks can be indexed to the tetragonal structure with the
space group I4/mcm. The impurity phases were identified to
be La(OH)s and La2Os.
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Spooren et al. [23] showed that 240°C is enough to prepare
Lag.5Srg s MnO3. Thus, the reaction condition was fixed to
240°C and 24 h in our experiment. In addition, we found
the formation of Lag 5Srg sMnQOg3 crystals can be affected
by the amount of KOH. The samples were not produced
when the concentration of KOH was lower than 6 mol/L.
The (004) and (220) peaks overlap in the samples with
zgps = 0 and separate gradually when the Ru doping con-
tent is increased stage by stage. Similar behaviors can been
observed for the (224) and (400) peaks. These features can
be understood in terms of the different evolution tenden-
cies of a- and c-axis lattice constants with Ru doping. It is
also found that the (114) peak is weakened and disappear
finally with increasing Ru content. This change has been
reported by other group and ascribed to influence of Ru
ionic substitution [18]. In addition, the raw data of PXRD
was analyzed by PowderX software [26]. It indicates that
all the polycrystalline samples have a tetragonal structure
with I4/mcm space group. The obtained lattice constants
are showed in Table 1. For the hydrothermal sample with-
out Ru doping, the lattice constants are consistent with
other reports on hydrothermal Lag 5Srg s MnOg [23], which
indicates that the actual Sr content of our samples is also
around 0.5. With increasing Ru contents, the c-axis lat-
tice constants increase, while the a-axis lattice remains
almost unchanged. The unit cell volume becomes larger
for the Ru doped samples. The content of impurity for the
sample with xgpg = 0.136 is rather high, which prevents
obtaining the accurate lattice constants for this sample.

3.2 Magnetic properties

Figure 3 shows the temperature dependence of magnetiza-
tion (M-T) for the hydrothermal Lag 5Sro sMn; . Ru, O3
(zgps = 0, 0.066, 0.082, 0.136) and the annealed sam-
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3
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Fig. 3 Temperature dependent magnetic moment (M-T)
data of the hydrothermal samples with zgps = 0, 0.066, 0.082,
0.136 and the annealed sample with xgps = 0. The applied
field is 100 Oe. Both the zero-field-cooling (ZFC) and field-
cooling (FC) data are shown.
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ple with zgps = 0. Both the zero-field-cooled (ZFC)
and field-cooling (FC) magnetization with applied field
100 Oe were measured from 2 K up to 400 K. With the
temperature decreasing, all the M-T curves undergo a
transition from paramagnetic(PM) to ferromagnetic(FM)
states. Note that the presence of impurity should have in-
fluences on the magnitude of the magnetization data per
unit mass, nevertheless the FM transition is not affected
because La(OH)3 does not show any magnetic transition
in the temperature range we measured. The Curie tem-
perature T was defined as the intersection point of two
trendlines below and above the transition in M—T curve,
as shown by the blue arrow in Fig. 3. The obtained values
of T as a function of Ru concentration were shown in
Fig. 5. We will discuss the detailed behaviors later.

The field dependence of magnetization (M—-H) mea-
surements were performed for all the four samples at 5
K with the external field from 0 to 6 T and the results
were plotted in Fig. 4. The value of magnetization (M)
increases rapidly under low field and then inclines to sat-
uration with the increase of field, exhibiting a spontaneous
magnetizing process. This is consistent with the results of
M-T measurements and indicates a ferromagnetic ground
state in low temperature. From the hysteresis loop, the
saturation moments can be calculated. We find that for
the hydrothermal samples, the magnetic moments were re-
duced from 1.15 pp for the undoped compound to 0.56 up
for the compound with z = 0.082. The annealed sample
has a larger moment of 1.44 ;5. We note that the accuracy
of the estimated magnetic moments was weakened by the
presence of La(OH)3 impurities. As can be seen in an en-
larged view of the data in the inset of Fig. 4, the coercive
field is about 400 Oe and remains almost unchanged with
Ru doping for the hydrothermal samples. The annealed
sample shows a smaller coercive field of about 300 Oe.

As shown in Fig. 5, with the increase of Ru concentra-
tion, the Curie temperature T¢ is suppressed, indicating

2.0
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Fig. 4 The magnetization as a function of the applied mag-
netic field for four samples. The inset shows an enlarged view
in the low-field range.
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Fig. 5 Variation of Curie temperature T¢ as a function of
Ru concentration xgps. The dashed line is a guide for eyes.

the destructive effect on the FM order induced by Ru dop-
ing. Such a tendency is consistent with the substitution of
most other elements for Mn ions [11-14]. For the Ru sub-
stitution, just as we have mentioned in the introduction,
the existing experimental results are still rather controver-
sial. The results of Sahu et al. [15], Wang et al. [16], and
Zaidi et al. [17] revealed the same tendency as our observa-
tions. Meanwhile, Ying et al. [18] and Saber et al. [19] re-
ported the opposite behaviors upon Ru doping. Moreover,
no significant change in T as a function of Ru doping
was found in the experiments of Dhiman et al. [20]. These
reports along with our result are summarized in Table 2
for clarity. One possible reason for such scattering exper-
imental results is the complex magnetic phase diagram
of this system. The type and strength of the magnetic
interactions may be different with the variation of rare-
earth elements (La, Sm, ...), alkaline-earth elements (Ba,
Sr, Ca, ...), and even the alkaline-earth element concen-
tration. Another noteworthy factor is the difficulty in the
precise controlling of the Sr concentration and oxygen con-
tent in preparing the samples under the condition of high
temperature. The low-temperature hydrothermal synthe-
sis supplied a scheme to achieve a more reliable result of
this issue. It was found that the compound with La:Sr =
1:1 is rather stable and Lag 5Srg5MnO3 was always pro-
duced even the amount of the reagent was modified [23]. In
addition, the Curie temperature does not change among
samples with different amount of impurity La(OH)s pre-
pared in different hydrothermal conditions [24]. So the
effect of Ru doping in our present work was achieved on a
more solid foundation. As can be seen from our compara-
tive experiment, the behavior of the annealed sample de-
viated from that of the hydrothermal samples in terms of
lattice constants, Curie temperature, saturation moment,
and coercive field, possibly originating from the variation
of Sr and oxygen contents during the high-temperature
annealing process. The annealed samples with Ru doping
showed some indications of phase separation and the data
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Table 2 Summary of reported results for the Ru-doping
effects on T¢ in (La, Sr) MnOs and related compounds.

Materials Ru-doping effect on T* Ref.
Lag.6Pbo.4aMnO3 N\ (15]
Lag.7Sr0.3MnOg N\ [16]
Lag.¢Pro.15r0.3MnOg hS (17]
Lag.55r0.5MnO3 / 18]
Smo.55510.45MnO3 /! [19]
Lag.5Cag.sMnOg3 — [20]
Lag.55r0.5MnO3 Ny This work

*N¢: Suppresses Tc. ' Enhances Tc. —: No changes.

were not shown in this paper.

4 Conclusion

In conclusion, we have reported the experimental in-
vestigations on the hydrothermal synthesis, structural,
and magnetic properties of the Ru doped manganite
Lag. 5519 5 MnO3 with a distorted perovskite structure. The
crystal lattice expanded slightly with the increase of Ru
doping. The destructive effect on the FM order by Ru
doping was observed: both the Curie temperature T and
saturation moment are suppressed with the introduction
of Ru elements on the site of Mn. The coercive field re-
mains almost unchanged by Ru doping. The behavior of
the annealed sample deviated from that of the hydrother-
mal samples, indicating the subtle different in the detailed
compositions due to the high-temperature treatment.
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