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A seris of samples of La1−xTbxMnO3 (0≤x≤0.15) are prepared. The static and dynamic magnetizations of 
La1−xTbxMnO3 have been investigated. The results indicate that the spins with the short-range order are 
frozen into random direction at low enough temperatures which leads to the samples exhibiting the 
spin-glass like behavior. It is considered that the spin-glass like behavior originates from the competi-
tion between ferromagnetic double exchange among Mn3+ and Mn2+ and antiferromagnetic superex-
change among Mn3+ and Mn3+, as well as Tb3+ and Tb3+. 

La1−xTbxMnO3, spin-glass-like behavior, short-range order 

Perovskite oxides have been investigated due to their 
peculiar properties[1－3]. Lanthanum manganite (LaMnO3) 
is the most important category material in the perovskite. 
When LaMnO3 is doped with divalent cations, it exhibits 
a range of extraordinary magnetic, electrionic, and 
structural properties including colossal negative magne-
toresistance and charge ordering[4－6], and more. Mean-
time, doped-LaMnO3 maganites have the complex 
magnetic phase diagram[7,8]. The phase diagram includes 
paramagnetic (PM), ferromagnetic (FM), antiferrom-
gnetic (AFM) phase, noncollinear spin ordering (NL-SO) 
phase, and spin-glass (SG) phases. Recently, there is a 
resurgence of interest in the manganites because some of 
them exhibit the particular spin-glass- like (SGL) be-
havior[9,10]. The concept “spin glass” has been given rise 
to the work on dilute alloys in the beginning[11－13]. It 
was applied to describe the phenomenon that by lower-
ing the temperature the impurity spins “freeze out” or 
become “locked” in random direction in zero external 
field, i.e., the vector average of all local moments gives 

no net macroscopic moment, and there is no long – 
range magnetic order. Nevertheless, there are also the 
phenomena of SG behavior in some of doped - LaMnO3 
maganites. They take on the most prominent features of 
SG: (1) The “cusp” in the low-field AC and DC mag-
netizations at the “freezing temperature”; (2) The char-
acteristic of irreversible magnetization at below Tf. Cur-
rently, spin-glass like behavior is observed in some 
perovskite oxides, such as (La1−xDyx)0.7Ca0.3MnO3

[14], 
(Tb-La)2/3Ca1/3MnO3

[15], L0.5Sr0.5CoO3 (L = La, Pr, Nd, 
Sm, and Eu)[16], and LBaMn2O6−y (L = Pr, Nd, Sm, Eu, 
Gd, and Tb)[17]. However, the fundamental question 
whether the maganites with the unusual glassy phenom-
ena can be classified as a classical SG still remains open. 

In this letter, the magnetic properties of 
La1−xTbxMnO3 (0≤x≤0.15) (LTMO) have been inves-
tigated. The results indicate that LTMO samples feature 
unusual SGL behavior, the origin of this feature is also 
discussed. 

Samples of LTMO compounds were prepared by 
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conventional solid-state reaction method. Stoichiometric 
mixtures of high-purity Tb4O7, MnO2 and La2O3 pow-
ders were ground, palletized, and sintered at 1300℃ in 
air for 24 h. The crystalline structure of the samples was 
examined by X-ray diffraction (XRD) measurement 
with Cu/K radiation (λ = 1.5406 Å). The AC and DC 
magnetic measurements were performed in the Super-
conducting Quantum Interference Device (SQUID) 
Magnetometer. Measurements of magnetization versus 
temperature (M-T) were studied between 5 and 300 K 
following two different protocols: Zero field cooled 
(ZFC) and field cooled (FC). The ZFC magnetization 
was obtained by cooling the sample to 5 K in zero field, 
and turning on a weak magnetic field (H = 50 Oe), then 
measuring the magnetization as the sample warmed up 
to 300 K. The FC magnetization was obtained by cool-
ing the sample to 5 K in the magnetic field of 50 Oe, 
then measuring the magnetization under the same mag-
netic field as the sample warmed up to 300 K. Magneti-
zation versus field (M-H) measurements were performed 
under the magnetic field between −2 and 2 kOe at dif-
ferent temperatures. The temperature dependence of AC 
magnetization at different frequencies were studied be-
tween 5 and 200 K under the DC magnetic field of 50 
Oe and the AC magnetic field of 15 Oe. 

Figure 1 shows the XRD patterns of the LTMO (x = 

0.05, 0.1 and 0.15) samples. The observed peaks for the 
samples of x = 0.05, 0.1 and 0.15 can be indexed on the 
basis of the cubic unit cell of space group Pm3m.  In 
samples of x = 0.05, 0.1 and 0.15, it can be seen that the 
lattice parameters are all slightly decreased with the in-
creasing of doping concentration to 0.15 because the  

 

 
 

Figure 1  X-ray diffraction patterns of the LTMO (0≤x≤0.15). 

radii of Tb3+ is shorter than that of La3+. 
The temperature dependences of DC magnetization 

under the ZFC and FC conditions for LTMO are shown 
in Figure 2. The samples show an irreversible thermo-
magnetization process below around 150 K, that is, there 
is an obvious difference between the ZFC and FC curves. 
The branch temperature (TSGL) increases slightly as the 
Tb content increases.  

 

 
 

Figure 2  DC ZFC (open symbols) and FC (closed symbols) curves of 
magnetization of polycrystalline LTMO (0≤x≤0.15) under an applied 
field of 50 Oe. 
 

The M(T) curves (FC and ZFC) indicate that the 
phase transitions from SGL to AFM occur at 20 K. For 
small substitution concentrations of Tb, the AFM ap-
pears under TN (=20 K). When the temperature is below 
TN, the magnetic properties come from superexchange 
between Tb3+ and Tb3+ or that of Mn3 + ions[18]. More-
over, it can be seen that the systems show a clear trend 
towards SGL behavior with increasing Tb concentra-
tion . 

The M-H curves for sample of x = 0.05 are shown in 
Figure 3. The S- shaped behavior occurs and the irre-
versibility is observed in M-H curves in the temperature 
range below TSGL. However, there exists a wide varia-
tion in the ferromagnets behavior. We see the curves of 
minor magnetic and open magnetic hystersis loop shown 
in the lower inset of Figure 3. From the initialization 
magnetization curves shown in the upper inset of Figure 
3, we note that the curves still do not reach saturation 
values under 0.2 T. This complicated behavior may oc-
cur in systems where antiferromagntic and ferromag-
netic orderings compete. 

Figure 4 shows the temperature dependence of ZFC 
AC linear magnetization (AC-LM) for sample of x = 
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Figure 3  The magnetization curves of LTMO (x = 0.05) at various temperatures. The lower inset is the curves of minor magnetic hysteresis loop. The 
upper inset shows the initialization magnetization curves of LTMO (x = 0.05) at several temperature. 
 

 
 

Figure 4  Temperature dependence of the AC-LM of LTMO (x = 0.05). M′ and M″ are the real and imaginary parts of magnetization, respectively. The 
upper and lower insets give the fits of TSGL obtained from against frequency using VF law at 100 and 20 K, respectively. 
 
0.05 measured at different frequencies. The sharp peaks 
at around 20 and 100 K observed in the imaginary 
curves are consistent with the result of DC magnetiza-
tion. The AC-LM attains a maximum at TSGL. The TSGL 
shifts towards higher temperatures with increasing fre-
quencies. This behavior is similar to that of a conven-
tional spin glass. With the temperature decreasing from 

the PM state, the relaxation time of the SGL state slows 
down leading to a divergence at TSGL. In order to under-
stand this behaviour, the TSGL as a function of frequency 
of the two peaks was plotted using the phenomenologi-
cal Vogel-Fulcher (VF) law[10], f = f0exp(−Ea/kB(TSG − 
TVF)), where Ea and TVF are the activation energy and the 
VF temperature, respectively. The best fittings displayed 
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by solid lines in the inset of Figure 4 yield with Ea = 
66.7 K and TVF = 11 K for peak around 20 K and Ea = 
310.6 K, TVF = 75 K for peak around 100 K, respectively. 
The values of the characteristic frequencies, f0, are found 
to be ~106 Hz and 107 Hz for the peaks at around 20 and 
100 K, respectively, which are smaller than the value of 
~1013 Hz, typically taken for SG compounds[19]. 

In order to identify whether or not a true thermody-
namic spin glass phase transition occurs in LTMO, we 
have investigated the ZFC AC nonlinear magnetization 
(AC-NLM, M ′nl). The results about the AC-NLM for 
sample of x = 0.05 as functions of temperature and fre-
quency are shown in Figure 5. As the AC-NLM is in 
relation with the spin-glass order parameter, the critical 
behavior of the AC-NLM is regarded as a crucial evi-
dence for the spin-glass phase transition. The AC-NLM 
is expected to show a power-law in the form of 

( )nl SGL SGL( ) /M T T T γ−∝ − ( 0γ > )[21] as temperature is 

close to SGLT . Based on this piont, nl ( )M T related with 
the temperature and frequency might be described as 

nl SGL SGL(( ) / ) ( ),M T T T γα β ω−= − −  where α and β (ω) 

are constants, γ is a critical exponent which represents a 
phase transition. The value of critical exponent γ is equal 
to the estimated 1≤γ ≤2[20] or 3≤γ ≤4[21] for a SG 
system. It is seen from the inset of Figure 5 that the 
simulation is consistent with the experimental data based  

 

 
 

Figure 5  The AC-NLM of LTMO (x = 0.05) as a function of temperature 
measured at several frequencies in the temperature range from 5 K to 200 
K. The amplitude of the AC field is 15 Oe. The simulations are shown as 
solid lines in the inset. 

on a power-law. From the simulations, the values of 
critical exponent γ of LTMO (x = 0.05) at different fre-
quencies are deduced to 1.8≤γ ≤1.9, the values of α 
are found to be 3×10−4, and the values of β (ω) are found 
to be 5.1×10−3, 4.93×10−3, 4.53×10−3, 4.4×10−3, 3.2×10−3 
and 0 at frequencies of 33, 133, 233, 533, 1333, and 
3333 Hz, respectively. There is the feature of magnetic 
relaxation. These results indicate that a thermodynamic 
glass phase transition occurs in LTMO. 

Based on the above results, the T-x phase diagram for 
LTMO is presented in Figure 6. During 20–150 K range, 
the SGL behaviors can be ascribed to the competition 
between FM double exchange (DE)[22] between Mn3 + 
and Mn2 + and AFM superexchange between Mn3 + and 
Mn3+ and in addition, Tb3+ and Tb3+. In addition, since 
Tb ions may not involve in DE processes with Mn ions, 
higher Tb substitutions should lead to the formation 
Tb-O-Tb coupling, which leads to stronger suppression 
of the ferromagnetism. Therefore, the system shows a 
clear trend towards SGL behavior with increasing Tb 
concentration. 
 

 
 

Figure 6  T-x phase diagram of LTMO: PM, paramagnetic phase; AFM, 
antiferromagnetic phase; SGL, spin glass like phase. “○” denotes the data 
from ref. [23]. 

 
In summary, we have studied the structural and mag-

netic properties of La1−xTbxMnO3 (0≤x≤0.15) system. 
The results indicate that the system exhibits the 
spin-glass-like feature. This feature is believed to be 
related to the competition between ferromagnetic double 
exchange among Mn3 + and Mn2 + and antiferromagnetic 
superexchange among Mn3 + and Mn3+ as well as Tb3+ 
and Tb3+. 
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