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Abstract: A series of La1-xPrxBaMnMoO6 double perovskite has been prepared, and their physical properties have 
been investigated. Polycrystalline samples of this system with x=0 – 1.0 could be synthesized at high temperature of 
1623 K in the flowing of Ar+H2 forming gas with relatively high H2 concentration of 7 %. The results of powder X-
ray diffraction and the Rietveld analysis indicate that the crystal structure of the La1-xPrxBaMnMoO6 series is cubic 
with space group of Fm3m. The lattice parameters and bond lengths of La/Pr/Ba-O and Mn/Mo-O have been 
estimated too, and they have been found to reduce with Pr doping. The decrease of bond length by Pr doping 
enhances the nearest-neighbor interaction between Mn2+ and Mo5+ spins, and increases the ferrimagnetic transition 
temperature, which has been observed in the temperature-dependent susceptibility. The shrinkage of crystal structure 
by the substitution of Pr increases not only the nearest-neighbor interaction but also the next-nearest-neighbor ones 
between spins on Mn2+ sites or on Mo5+ ones. In addition, the results of magnetic-field-dependent magnetic moment 
indicate that the Pr doping enhances the ferromagnetic interactions, and changes the behavior of low-temperature 
susceptibility from spin-glass like behavior to cluster-glass one. The reduction of bond length by Pr doping also 
increases carrier hopping, and reduces the magnitude of resistivity. Moreover, all the samples show semiconducting 
behavior which is well explained by the variable range hopping model in the whole temperature range. 
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1. Introduction 

A variety of oxides showing interesting 
magnetic properties belong to the perovskite 
structure. The rare-earth based manganates are 
perhaps the most widely studied among the 
perovskite-based magnetic oxides. These oxides can 
exhibit a range of properties and shot into prominence 
with the discovery of colossal magnetoresistance [1]. 
The perovskite-type oxides have a general formula of 
ABO3, in which A and B represents an alkaline-earth 
(or rare-earth) cation and a transition-metal one, 
respectively. The cubic perovskite structure is 
constructed by corner-shared BO6 octahedra and A 
cations at 12-coordinate sites. One of perovskite-
related compounds, double perovskite-type oxides 
have attracted a broad interest, because of their 
unique structure, complicated magnetism, large 
magnetoresistance around room temperature. [2-4] 
Double perovskite-type oxides have the formula 
A2BB′O6, where the prime indicates the different ions 
with different valence numbers. The transition-metal 
cations of B and B′ are regularly ordered, i.e. the 
alternate arrangement of B and B′ ions have been 
observed over the six-coordinate B/ B′ sites. Since the 
transition-metal ions in the perovskite-related 
compounds generally determine the electronic and 
magnetic structures, the alternating order of the 

different kinds of B and B′ ions are expected to cause 
a variety of the physical properties of double 
perovskite oxides. One of the famous compounds is, 
Sr2FeMoO6 in which Fe3+ (spin quantum number 
S=5/2) and Mo5+ (S=1/2) ions order alternatively on 
the B-sites and the respective spins couple 
antiferromagnetically [4]. 

A2MnMoO6 (A=Ca, Sr, Ba) contains Mn2+ with 
magnetic moment of 5 µB and Mo6+ with no magnetic 
moment leading to the next-nearest-neighbor 
superexchange (antiferromagnetic) interaction. In 
contrast with the ferromagnetic behaviors in 
Sr2FeMoO6, A2MnMoO6 consequently undergo the 
magnetic order to antiferromagnetic state at low 
temperatures [5-7]. Many researchers introduced La3+ 
(4f 0, 0 µB) ion to the A site in the A2MnMoO6 to 
produce LaAMnMoO6 [8-12]. This doping changed 
the magnetic property of the mother compounds. 
Introducing La3+ changed the cation valence of 
Mo6+(4d0, 0 µB) to Mo5+(4d1, 1 µB) and caused the 
nearest-neighbor superexchange interaction between 
the spins of Mn2+ and Mo5+. As a result, 
LaAMnMoO6 show ferrimagnetism with various 
Curie temperatures depending on the cation of A and 
the preparation conditions. 

In the present work, the double perovskite-type 
systems with B/ B′=Mn/Mo have been investigated. 

-
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And since introducing La3+, which has no net 
magnetic moment, changed the magnetic behavior of 
A2MnMoO6 compounds, the substitution of other 
lanthanide cation (Ln3+) with a net magnetic moment 
to LaAMnMoO6 may give interesting results. The aim 
of this work is to study the effect of substitution of 
Pr3+ (4f2, 4 µB) for La3+ in LaBaMnMoO6 compound 
on the structure and the physical properties.  

 
2. Experimental  

Polycrystalline series of La1-xPrxBaMnMoO6 
with x=0-1.0 have been prepared by a conventional 
technique of solid state reaction. Starting materials of 
BaCO3 (High Purity Chemical Co., 99.95%), La2O3 
(High Purity Chemical Co., 99.99%), Pr6O11 (rare 
metallic company LTD., 99.99%), Mn3O4 (High 
Purity Chemical Co., 99.9%), and MoO3 (High Purity 
Chemical Co., 99.9%) have been thoroughly mixed 
and pressed into pellets. The pellets have been 
sintered in a tube furnace at 773K, 1173K, and 1623K 

in the flow of forming gas of Ar/H2 (93%/7%) and 
have been ground between the three sintering 
processes. In the final step the pellets have been 
cooled down to 1173K with a rate of 1 K/min and 
then to room temperature with a rate of 100 K/h. This 
cooling step is important to obtain a minimum spin 
disorder inside the materials. The high sintering 
temperature (1623K), and the high H2 concentration 
in the flowing gas have been used to overcome the 
impurity phase Ln1.4Mo2.8O7, which had appeared 
with introducing high concentration of Pr at lower 
sintering temperatures below 1523K and/or in the 
flow of gas with lower H2 ratio below 5% in the first 
trials of preparation.  

X-ray diffraction (XRD) measurements and 
Rietveld analysis have been performed by using an 
XRD diffractometer (Cu Kα radiation) and 
FULLPROF program. Magnetic susceptibility 
measurements have been performed under both zero-
field cooled (ZFC) and field cooled (FC) conditions 
with a SQUID magnetometer (Quantum Design, 
MPMS-7). The resistivity measurements have been 
performed by a four probe method down to 150 K.  

 
3 Results and Discussion 
3.1 Structural characteristics 

The XRD profiles at room temperature reveals 
high purity phase of La1-xPrxBaMnMoO6 compounds 
with various concentrations (x) of Pr. The unit cell 
parameters of the samples have been calculated by 
full profile fitting (FULLPROF program). Figure 1 
shows the XRD profiles and the results of fitting for 
the x = 0.0 and 1.0 samples only. The crystal structure 
of all La1-xPrxBaMnMoO6 samples have given good 
fit to the cubic structure with space group Fm3m in 
consistency with earlier reports [8-13]. For the 

sample (LaBaMnMoO6 (x = 0.0)), the lattice constant 
is 8.1184 Å which is in good agreement with 
previously published values of a =8.1269 Å [8], 
8.1192 Å [9], and 8.1174 Å [13].  The atomic 
positions of the two displayed samples: 
LaBaMnMoO6 (x = 0) and PrBaMnMoO6 (x = 1.0) 
are shown in table 1. 
 
Table 1: Atomic positions of La1-xPrxBaMnMoO6 
(x=0 and 1.0) at room temperature. For 
LaBaMnMoO6 (x=0), a=8.118 Å; space group: 
Fm3m; Rwp=16.89 %; Rp=10.57%; RB=5.23%. For 
PrBaMnMoO6 (x=1.0), a=8.097 Å; space group: 
Fm3m; Rwp=15.69 %; Rp=10.43%; RB=4.62%. 
Atom position X y Z 
Ba/La/Pr 8c 0.25 0.25 0.25 
Mn 4a 0.0 0.0 0.0 
Mo 4b 0.5 0.5 0.5 
O (x=0) 
O (x=1.0) 

24e 
24e 

0.2511(6) 
0.2500(9) 

0.0 
0.0 

0.0 
0.0 

 
Figure 2(a), (b) and (c) shows the Pr content (x) 

dependence of lattice parameter (a), tolerance factor 
(τ), and bond length (dMn/Mo-O), respectively. The 
lattice parameter (a) decreases as the Pr content (x) is 
increased. This decrease is due to the replacement of 
La3+ ions by smaller ions of Pr3+. The tolerance factor 
in Figure 2(b) was calculated by using the obtained 
bond lengths of dLa/Pr/Ba-O and dMn/Mo-O as in equation 
(1).                 
τ = dLa/Pr/Ba-O/(√2 〈dMn/Mo-O〉)                        (1) [14] 

〈dMn/Mo-O〉= ( dMn-O+dMo-O)/2 
The experimental results indicate a decrease of τ 

with increasing Pr doping. Additionally, the x 
dependence of bond length of dMn/Mo-O in Figure 2(c) 
shows a small variation in lower doping region of 
x<0.6, while it shown a greater decrease above x=0.6. 
It will be seen in the next section that this decrease of 
the Mn-Mo distances strengthens the magnetic 
interaction.   
 
3.2 Magnetic behavior 

Figure 3 displays the temperature dependence of 
the dc magnetic susceptibility (χ) of the samples with 
x=0, 0.5 and 1.0. With decreasing temperature, La1-

xPrxBaMnMoO6 undergoes a ferrimagnetic transition 
around Tc=110-140 K, (will be described later). As 
temperature is further lowered, the magnetic 
susceptibility is gradually enhanced, and shows spin 
glass or cluster glass below 50 K.  For the x=0.0 and 
0.5 samples, the magnetic susceptibility has cusp 
around 25 K in both of ZFC and FC procedures in the 
low magnetic fields. In these compounds, the shapes 
of low-temperature magnetic susceptibility are 
dependent on the applied magnetic field. These 
behaviors are similar to the typical spin glass one 

- 

- 



Journal of American Science 2012;8(7)                                                     http://www.jofamericanscience.org  

http://www.jofamericanscience.org                                                                 editor@americanscience.org 846

reported previously [8, 12, and 15]. As shown in 
Figure 3, the characteristic temperature of spin glass, 
TG, is determined as the temperature at maximum 
point of the cusp of the magnetic susceptibility in the 
magnetic field of 0.01 T.  

In La1-xPrxBaMnMoO6, the nearest-neighbor 
superexchange (antiferromagnetic coupling) 
interaction between Mn2+ and Mo5+ is dominant with 
ferrimagnetic property. In this system, however, the 
next-nearest-neighbor magnetic interaction of 180 ° 
or 90 ° bonds of Mn2+-O-Mo-O-Mn2+ cannot be 
ignored, and resultantly causes the suppression of the 
Mn2+-Mo5+ antiferromagnetic coupling [12]. The 
competition between the nearest-neighbor interaction 
and the next-nearest-neighbor one perhaps induces 
the magnetic frustration and the above-mentioned 
spin glass behavior in La1-xPrxBaMnMoO6.  

As shown in Figure 3, the magnetic 
susceptibility for x=1.0 in the ZFC measurement in 
low magnetic field has a broad peak around 40 K, 
while that in the FC procedure does not show the 
cusp or peak structure and monotonically increases 
with decreasing temperature. This behavior of 
magnetic susceptibility of the x= 1.0 sample is not 
qualitatively different from those of the x=0 and 0.5. 
The shape of magnetic susceptibility for x=1.0 shown 
in Figure 3 depends on the applied magnetic field. 
The difference between the ZFC and FC results 
almost disappears by applying magnetic field of 1.0 T. 
In smaller applied field, when the ZFC curve has a 
broad peak, the FC curve shows monotonous increase 
as temperature is lowered indicating the existence of 
cluster spin glass rather than the simple spin glass in 
x=1.0 [15-18].  At low field, the divergence between 
the zero-field-cooled (ZFC) and field-cooled (FC) 
data indicates the presence of a weak ferromagnetic 
moment which can be ascribed to moment canting on 
the sublattices [17]. 

The present results indicate that the Pr 
substitution in this system induces the crossover from 
spin glass to cluster glass states above x=0.5 at low 
temperatures,     i. e. with increasing Pr content. 
Similar phenomena had been observed in the 
perovskite-type cobalt and manganese oxides [17, 19 
and 20].  The Pr doping to rare-earth sites causes the 
decrease of bond length between Mn2+ and Mo5+, and 
resultantly enhances both of nearest-neighbor and 
next-nearest-neighbor magnetic interaction. As 
described later, the Pr substitution for La clearly 
increases the ferromagnetic interaction in the 
investigated La1-xPrxBaMnMoO6. The large magnetic 
4f moments of Pr3+ may enhance the ferromagnetic 
correlation in this system. These present results 
suggest that the enhancement of magnetic interaction, 
particularly ferromagnetic one, induces the magnetic 

cluster and the crossover from spin glass to cluster 
glass states with introducing Pr to rare-earth sites.  

There is a characteristic temperature TC of 
ferrimagnetic transition, which can be estimated from 
the temperature dependence of the inverse of 
susceptibility as shown in Figure 4. As Pr is 
substituted to La sites, TC is enhanced, indicating the 
increase of magnetic interaction. A linear temperature 
dependence of the inverse susceptibility is observed 
above TC.  

Figure 5 (a, b and c) display the magnetic-field-
dependence of magnetic moment at various 
temperatures for the samples with x=0, 0.5 and 1.0, 
respectively. As is expected, the magnetic moment 
decreases with increasing temperature, and shows 
non-linear dependence of the applied magnetic field 
at low temperatures, but linear-dependence at high 
temperatures. In the x=1.0 sample, the nonlinearity is 
observed below around TC, suggesting the 
enhancement of ferromagnetic interaction and 
magnetic clusters.  

Figure 6 shows the magnetic moment against 
applied field at 5K for all samples. The magnetic 
moment per formula does not saturate even with 
applied field up to 7T. It increases systematically as 
Pr is substituted to the system especially above x=0.5. 
In addition, there are some observed residual 
magnetic moment and hysteresis (magnification of 
two of the curves is displayed in the inset to clarify 
this hysteresis ), these results agree with the above 
suggestion that the Pr doping increases the 
ferromagnetic interaction, and give greater weight to 
a suggestion that there is no superparamagnetism in 
this system [17]. 

Figure 7 represents the Pr concentration (x) 
dependence of the effective magnetic moments (μeff), 
the magnetic moments at 5 K in magnetic field of 7 T 
(μm), the ferrimagnetic transition temperature (TC), 
and spin/cluster glass temperature (TG). he effective 
magnetic moment (μeff) and Weiss temperature (θ) 
can be estimated using simple Curie Weiss formula 
(equation (2)).  

χ=C/(T- θ)       (2)  
; where C= μeff

 2/ 8 [11] 
The effective magnetic moments per formula 

μeff is about 5 µB for x=0.0 and increases to about 7 
μB for x=1.0. This increase of effective magnetic 
moments with x is due to the substitution of the 
magnetic Pr3+ ions. Moreover, we notice that with 
increasing magnetic Pr3+ concentration (x), both μeff 
and μm are enhanced. In particular, they increase 
obviously around x=0.5-0.6. As well as μeff and μm, 
the x-dependences of TC and TG show an obvious 
increase around x=0.6. This may be interpreted as 
follows: the Pr3+ ions doping to La site induces the 
decrease of lattice constant and Mn2+-Mo5+ bond 
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length and in addition they have large 4f magnetic 
moments; consequently, the Pr substitution enhances 
the magnetic interaction. The present results indicate 
that the magnetic moments and critical temperatures 
obviously change around x=0.6, and the spin glass to 
cluster glass crossover also takes place at the same 
value of x at low temperatures.   

In the present work, any sign of full magnetic 
ordering of 4f moments in Pr3+ was not observed 
down to 5 K. Although the 4f moments of rare-earth 
ions are expected to order magnetically at low 
temperatures, but because the Pr3+ ions occupy half of 
the A site of perovskite structure even in the x=1.0 
sample, therefore, the magnetic ordering of 4f 
moments of Pr3+ hardly occurs in this system. At low 
temperatures, however, the strong magnetic 
fluctuation of 4f moments may exist, and induce the 
ferromagnetic behavior of this system in higher Pr 
doping region, as shown in Fig. 6. The cluster glass 
may be also related with the fluctuation of 4f 
magnetic moments of Pr3+.  

3.3 Resistivity Measurements 
Figure 8(a) represents temperature-dependent 

resistivity for four samples of La1-xPrxBaMnMoO6 

with various Pr concentrations (x = 0.0, 0.2, 0.7, and 
1.0).The temperature dependence of resistivity for all 
these samples exhibits a semiconducting behavior, 
that is, the resistivity decreases with increasing 
temperature. As shown in Fig. 8 (a), the absolute 
value of resistivity at 300K decreases almost two 
orders of magnitude upon Pr doping. This may be 
interpreted as a result of the decrease of Mn2+-Mo5+ 
bond length, which enhances the hopping of carriers 
between the neighboring Mn/Mo sites. As shown in 
Fig. 8(b), the resistivity data can be well described by 
variable range hopping model equation (3) [8]. 

ρ = ρ0 exp (To/T)1/4
        (3) 

; where ρ0 and TO are a temperature independent 
parameter and carrier localization parameter, 
respectively. The inset of Figure 8(b) shows the x 
dependence of TO. TO decreases, as the Pr 
concentration x is increased. This behavior also 
indicates that the carrier hopping increases due to the 
shrinkage of crystallographic lattice with Pr doping. 
In this system, however, the electronic structure 
seems to be essentially unchanged by the Pr 
substitution.  

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Typical powder x-ray diffraction profiles for La1-xPrxBaMnMoO6 ((a) x=0 and (b) 1.0). Dots and solid line 

represent the observed and calculated profiles, respectively. The difference plot is drawn below the profile, 
and vertical bars represent the allowed reflections.   

(a)  

(b)  

LaBaMnMoO6 

PrBaMnMoO6 
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Figure 2: Pr concentration (x) dependence of (a) lattice constant, (b) tolerance factor, and (c) bond length of dMn/Mo-O 

of La1-xPrxMnMoO6, respectively. 
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Figure3: (a)-(f) Temperature dependence of magnetic susceptibility in various magnetic fields 
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Figure 4: (a)-(c) Inverse of magnetic susceptibility for La1-xPrxMnMoO6 with x=0, 0.5 and 1.0, respectively. 
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Figure 5: (a)-(c) Magnetic field dependence of magnetic moment at various temperatures for La1-xPrxMnMoO6 with 
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Figure 6: Magnetic field dependence of magnetic moment at 5 K for La1-xPrxMnMoO6 with various Pr 
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Figure 8: (a) Temperature dependence of resistivity for La1-xPrxBaMnMoO6 with various Pr concentrations of x=0, 

0.2, 0.7 and 1.0.  (b) Resistivity vs. 1/T1/4 plots for the samples with x=0, 0.2, 0.4, 0.7 and 1.0. Inset 
shows the x-dependence of electron localization parameter T0, estimated by variable range hopping 
model.  

 
Conclusion 

La1-xPrxBaMnMoO6 double perovskite system 
has been successfully prepared, and    the structural, 
magnetic and electronic properties have been 
investigated. Polycrystalline La1-xPrxBaMnMoO6 with 
x=0-1.0 can be prepared under the condition of high 
sintering temperature and in the atmosphere of 
flowing of forming gas (Ar+H2) with high H2 
concentration. The result of powder X-ray diffraction 
and the analysis indicate that the crystal structure of 
this system is cubic. The lattice parameter and the 
bond lengths of La/Pr/Ba-O and Mn/Mo-O decrease 
with Pr doping. The decrease of bond length enhances 
the magnetic interaction between nearest-neighbor 
Mn and Mo spins, and resultantly the ferrimagnetic 
transition temperature increases with Pr doping level. 
In the low Pr doping region, the low-temperature 
magnetic susceptibility shows spin glass behavior due 
to the competing between the nearest-neighbor and 
next-nearest-neighbor interactions. On the other hand, 
the highly doping of Pr enhances the magnetic 
interactions due to the shrinkage of crystal lattice. In 
addition, the results of magnetic susceptibility 
indicate that the Pr substitution enhances the 
ferromagnetic interaction and consequently induces 
the crossover from spin glass state to cluster glass one 
around x=0.6 at low temperatures. In all the samples 
of La1-xPrxBaMnMoO6, the electric resistivity shows 
semiconducting behavior, and is described by the 
variable range hopping model. The decrease of bond 
lengths by Pr doping enhances the carrier hopping, 
and resultantly the magnitude of resistivity is 
suppressed.  
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