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1 Introduction 

Materials with perovskite related structure, like manganites, possess a great variety of physical properties 

important for new technological developments. Their potential applications in information storage, spin-

tronics, sensors and new novel devices demand an intensive investigation [1]. Properties such as the 

multiferroic behavior [2], in which ferroelectricity and magnetic order occur on the same phase, have 

been recently revealed in the perosvskite compound TbMnO3 [3, 4]. Much of the studies in the multifer-

roic TbMnO3 have been performed in single crystals, and reports on polycrystalline nanoparticles have 

been scarce [5, 6]. Such manganites present a distorted perovskite structure, which is closely related to 

the magnetic properties [7–12]. Studies in more complex compounds like R1–xAx
MnO3 (R = rare earth; A 

= Ba, Sr, Ca) present a wide variety of magnetic structures [13, 14], and charge ordering [15, 16]. In this 

article we report the synthesis, characterization, and the magnetic properties of the compound Tb1–

xAlxMnO3 prepared by the conventional solid state reaction method. 

2 Experimental 

A set of Tb1–xAlxMnO3 samples (with x = 0, 0.05, 0.1) were synthesized by solid state method. 

Stoichiometric amounts of Tb4O7, MnO2, and Al2O3 powders with high purity, 99% and 99.99%, were 

mixed and grounded in an agate mortar for about 1 h approximately. Pelletized samples with the mixed 

powders were obtained by pressed at 5000 kPa and sintered at 1200 oC in air for 12 h, with a slow heat-

ing ramp. X-ray diffraction (XRD) powder analysis was performed in a Philips diffractometer model 

X’Pert with Cu Kα radiation. In order to perform the Rietveld analysis, the X-ray measurements were 

scanned from 5o <2θ <120o in 0.02o steps, for 8 h. Structural refinements were performed using a FULL-
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PROF program [17]. Samples also were characterized by electron dispersive spectroscopy analysis 
(EDS), and surface morphology by scanning electron microscopy (SEM), with a microscope JEOL JSM-
5300. The magnetization measurements were acquired using a Quantum Design SQUID Magnetometer 
model MPMS-5S. 

3 Results and discussion 

Figure 1(a) presents the XRD pattern for the polycrystalline TbMnO3 sample at room temperature. It 
coincides well with the data base for the orthorhombic TbMnO3 phase [ICDD 25-0933]. Determined unit 
cell parameters were: a = 5.29 Å, b = 5.83 Å, and c = 7.40 Å. Figure 1(b) shows de XRD patterns for the 
compounds Tb1–xAlxMnO3 with x = 0.05, and 0.1, the patterns were compared to the TbMnO3 phase. 
This figure demonstrates that these compounds present the same crystalline structure as the TbMnO3 
phase, with only small variation due to the Al metal substitution. There are not observable second or 
segregate phases. 
 
 
 
 
   
 
 
 
 
 
 
 

Fig. 1 XRD powder patterns for (a) pure TbMnO3 and (b) doped Tb1–xAlxMnO3 with x = 0.05 and 0.1. 

 

 Rietveld refinements shown in Figs. 2a and 2b, allowed a precise calculation of the unit cell param-
eter. The c parameter increases, while a and b decrease. This is depicted in Table 1. This behavior is 
similar of those found in related perovskites [10]. The cell volume decreases according with aluminum 
concentration, because the size of Al3+ ions is approximately half size small than Tb3+ ions in the same 
coordination. It is important to mention that Rietveld refinements, assuming that Al atoms were in the 
Mn site, instead of Tb site, do not converged for Al concentrations higher than 0.1. It suggests that Al 
atoms substitute Tb, as was initially planned. 

 
                                                 
 

 
 
 
 
 
 
 
 
 
 

Fig. 2 Rietveld refinements of the X-ray diffraction data at room temperature for (a) Tb.95Al.05MnO3 and (b) 

Tb.9Al.1MnO3. 

(a)  (b) 
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Table 1 Lattice parameters and unit cell volume for Tb1–xAlxMnO3  sam-

ples at room temperature. 

Lattice parame-
ter 

TbMnO3 (Å) Tb.95Al.05MnO3  
(Å) 

Tb.9Al.1MnO3   
(Å) 

a 5.297 5.2909 5.2829 
b 5.831 5.7592 5.7008 
c 7.403 7.4155 7.4190 

Unit cell volume 

(Å3) 
228.494 225.965 223.440 

 

 Scanning electron micrograph for these compounds is illustrated in Fig. 3a. This shows the grain size 
dimensions oscillating from less than 1 µm to about ~10 µm. In Fig. 3b the electron dispersive analysis 
confirmed the presence of the expected elements and no contamination impurities were found. 

 

                                                 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3 (a) Scanning electron micrograph, and (b) electron dispersive spectrum for the polycrystalline Tb.95Al.05MnO3.  

   Figure 4a shows the temperature dependence of the magnetization, M(T), in zero field cooling mode 
(ZFC) for the samples with composition; x = 0, 0.05, 0.1. As is well known single phase polycrystalline 
samples of TbMnO3 compound presents an antiferromagnetic (AF) transition at about 10 K [6]; this is 
consistent with our data as shown in the insert of Fig. 4a. The substitution of Tb by Al changes drasti-
cally M(T). In Fig. 4a, a huge magnetization increase is observed for the doped samples. Very small 
amounts of Al (x = 0.05) change the magnetic order from AF to a weak ferromagnetism. However, as Al 
is increased to x = 0.1, a peak in the magnetization is observed at about 33 K. This characteristic can be 
explained assuming that the crystalline structure presents canted spins, thus two magnetic ordering, AF 
and weak ferromagnetism, persist. The Curie temperature for both compositions is close to 45 K. Figure 
4b depicts clearly this weak ferromagnetic effect. Here the sample with x = 0.1 was measured at two 
magnetic field intensities. At 1 kOe the ZFC and field cooling (FC) measurements have a rather small 
irreversibility below 5 K which is not appreciated in the figure. However at 5 kOe the irreversibility is 
now quite notorious for two reasons: the maximum is decreased at 22 K, and the irreversibility is at 30 
K. High magnetic field intensities will present only a ferromagnetic behavior without irreversibility, as is 
normally observed in weak ferromagnetic systems. It is important to mention that in a perfect AF system 
the ZFC and FC measurement modes never show irreversibility. However an imperfect spin antiparallel 
alignment shows the irreversibility as in Fig. 4b. This irreversibility at high intensities of magnetic field 
will decrease, and eventually the M-T characteristic will be quite similar to a ferromagnetic material, but 
with a smaller magnetization than for a normal strong ferromagnetic material. 
Isothermal magnetization measurements M(H) Figures 5a and 5b present a big coercive field, indicative 
that for these compositions, both ferromagnetism and antiferromagnetism could be coexisting, and that 
canted spins are influencing the magnetic behavior. 

a b
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Fig. 4 a) ZFC magnetization M(T) for TbMnO3 and Tb1–xAlxMnO3 with x = 0.05, 0.1 at H = 1000 Oe. b) M(T) for 

sample with x = 0.1 at two magnetic fields. Note the irreversibility at 5 kOe which is indicative of a weak ferromag-

netic coupling due to canted spins. 

 

 

 

  

 

 

 

 

Fig. 5 (a) Hysteresis loops for the compound Tb.95Al.05MnO3 at temperatures T = 10, 20, and 40 K. (b) Hysteresis 

loops for the compound Tb.9Al.1MnO3 at temperatures T = 10, 30, and 40 K. 

   The samples follow the Curie-Weiss law at high temperatures. Plots of χ–1 vs T for x = 0 and x = 0.1 
are shown in Fig. 6. TbMnO3 follows the Curie-Weiss law down to ~45 K due to the ordering of Mn 
magnetic moments as was reported by J. Blasco et al. [10]. The other sample, x = 0.1, follows Curie 
behavior down to ~70 K. Using the Curie-Weiss susceptibility law, χ = C/(T-θ), we obtained the effec-
tive magnetic moments µeff (µB) from the slope of the fitted straight lines. The obtained values for µeff are 
close to the value for Tb3+ of 9.5µB (see Table 2). 

Table 2 Magnetic constants, experimental effective magnetic moments 

(Bohr magneton per formula unit) and the fit range of the susceptibility. 

data for selected samples. 

 

 

 

 

Sample C (emu K/mol) µeff (µB) Fitting range 

TbMnO3 14.28 10.68 45-300 K 

Tb0.9Al0.1MnO3 13.22 10.28 70-300 K 
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4 Conclusions 

This work presents our results of studies in single phase polycrystalline TbMnO3 (pure and doped) sam-

ples obtained by the solid state reaction method. Two synthesized doped samples with Al substituting 

Tb, were indexed. Rietveld refinements results show that the aluminium is introduced into the Tb sites. 

Doping with Al produces changes in the magnetic ordering. Doped samples show a weak ferromagnetic 

behavior coexisting with an antiferromagnetic order, due to canted spins. This complex magnetic order 

observed can be attributed in principle, to the ordering of Tb3+ magnetic moments. 
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