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Abstract Polycrystalline Lag 57Ndg.1Pbg 33Mn; — ,Ti, O3
(x =0 and 0.05) samples are prepared by solid-state meth-
ods, and all of them have a hexagonal perovskite structure,
revealed by X-ray diffraction. The critical properties at the
ferromagnetic—paramagnetic transition have been analyzed
from data of static magnetization measurements for the sam-
ples. The value of critical exponents, derived from the mag-
netic data using the Kouvel-Fisher method, yield 0.345 <
B <0.386,1.194 <y < 1.306, and 4.383 < § < 4.466 with
a Tc of 321.36-350.48 K. The exponent values are close to
those expected for three-dimensional (3D) Heisenberg fer-
romagnets with is short-range magnetic interaction.

Keywords Critical phenomena - Perovskite - Magnetic
properties

1 Introduction

Over the past few years, the manganites with the form
of Ln; _ ¢ AyMnQOj3 (Ln = trivalent rare earth, A = diva-
lent alkaline earth) have attracted much attention due to
their extraordinary magnetic and electronic properties and
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their promise for the future technological applications [1-3].
A prominent feature of these materials is a insulator—metal
transition together with a paramagnetic (PM)—ferromagnetic
(FM) transition and a colossal magnetoresistance (CMR)
effect, which has been extensively explained in the frame-
work involving a double-exchange model and Jahn-Teller
effects [4, 5]. Earlier studies on the critical behaviors around
the Curie temperature T¢ have indicated that critical expo-
nents play important roles in elucidating interaction mech-
anisms near T¢ [6]. Critical phenomena in the double ex-
change (DE) model have been first described within mean-
field theory [7]. However, the theoretical calculations based
on simplified DE models, reveal that the FM—PM transition
in CMR manganites should belong to the Heisenberg uni-
versality class [8]. By contrast, the experimental estimates
for critical exponents are still controversial including those
for short-range Heisenberg interaction [9, 10], the mean-
field values [11], and those which cannot be classified into
any universality class ever known [12]. Hence, the critical
properties of the paramagnetic—ferromagnetic phase transi-
tion in manganites pose an important fundamental problem.
The aim of this work was to study the effect of Ti-doping
Lao,57Nd0_1Pb0_33Mn1 _xTiij, (x =0and x = 0.05) pOly-
crystalline samples on the structural, magnetic, and the crit-
ical parameter.

2 Experimental

In this study, Lags57Ndo.1Pbp33Mn;_,Ti O3 (LNPMT)
compounds were formed by the standard solid state reac-
tion by mixing 99.994% pure PbCO3, TiO,, MnO», La; 03,
and Nd> O3 powders. The detailed experimental process has
been reported elsewhere [13]. The physical properties of ev-
ery stage were measured. The magnetization properties and
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the XRD pattern were measured and compared with previ-
ous reports to ensure the formation of the same compounds.
The structure and phase purity of the prepared samples were
checked by X-ray diffraction (XRD), using CuK o radia-
tion at room temperature. The magnetization measurements
were carried out by the superconducting interference de-
vice (SQUID). For the studies, the isothermal M vs. H is
corrected by a standard procedure from low field dc mag-
netization measurements. In fact, the internal field used for
the scaling analysis has been corrected for demagnetization,
H = Happl — DyM, where D, is the demagnetization fac-
tor obtained from M vs. H measurements in the low-field
linear-response regime at a low temperature.

3 Scaling Analysis

Mathematically, the second-order phase transition around
the Curie point T¢ could be described by the critical parame-
ters B, § and y corresponding to spontaneous magnetization
Mpont (T, 0), initial magnetic susceptibility xo(7'), and the
critical isotherm M (T¢, H), respectively. They are obtained
through asymptotic relations [14]:

Mg(T) = My(—e)?, <0 1)
ey = (10 r

X0 (T)_(Mo)s , >0 2)
M=DH)'?, ¢=0 ©)

where My, ho, and D are the critical amplitudes, and ¢ =

T;TC is the reduced temperature.
C

According to the critical region theory, the magnetic
isotherms can be described by the magnetic equation of state
M(H, &)= e|’ f+(H/|e|PT7) @)
where f for T > T¢ and f_ for T < T¢, respectively,
are regular functions. Equation (4) implies that M/|e|? as
a function H/ |e|’3+7’, falls on two universal curves, one for

temperatures above T¢ and the other for temperatures be-
low T¢.

Table 1 Crystallographic data for Lags7Ndg.1Pbg33Mn; _ (Ti O3
(x =0 and x = 0.05) from the Rietveld refinement of X-ray diffrac-
tion data

X 0 0.05
ad) 5.4899(4) 5.5015(4)
cd) 13.3558(3) 13.3723(3)
vV (A% 349.10(4) 351.03(1)
dovinTir-0 (A) 1.960 (2) 1.963 (4)
6 (Mn,Ti)-0-(Mn.Ti) (°) 165.8 (5) 165.2 (3)
Discrepancy factors

Ryp (%) 13.2 9.60

R, (%) 7.63 9.55

RF (%) 2.24 3.15

%2 (%) 3.87 3.66

Fig. 1 Rietveld plot of XRD 28000 ML Nwn e e o B AL B e e
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lines are the calculated curves
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Table 2 Transition temperature . " op
TC’ Qp’ /“Ltel}fv and Mz)f(fp as a Composmon TC (K) 9p (K) Metr ('U'B) Megr (MB)
function of x content for
Lag.57Ndg 1 Pbp33Mn; — . Ti, O3 Lag.57Ndg.1 Pb0 33MnO3 350 351.15 4.72 5.36
La0'57 Nd()‘lPb0_33Mn0'95Ti()'0503 322 321.22 4.64 4.33

4 Results and Discussion

bohedral lattice structure with space group R3¢ (Z = 6) in
which La/Nd/Pb atoms are at 6a(0, 0, 1/4) positions, Mn/Ti

X-ray diffraction (XRD) patterns of all samples were  at6b(0,0,1/2),and O at 18e(x, 0, 1/4) position. The struc-
recorded at room temperature and are shown in Fig. 1. The  ture refinement was carried out by the Rietveld analysis of
diffraction results indicate that all the samples are in single  the X-ray powder diffraction data with the FULLPROF soft-

phase without any impurity and the samples have a rhom-

ware [15]. On the basis of refined crystallographic data, the
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Table 3 Values of the 8, y, and § as determined from the modified
Arrott plots, Kouvel-Fisher plot and the critical isotherm are given for

Lag.s7Ndg.1Pbg.33Mn; _ ,Ti,O3 (x = 0 and x = 0.05). The theoreti-

cally predicted values of exponents for various universality classes are
given for the sake of comparison

Composition Ref. Tc (K) B 14 8
Technique Technique Technique Technique
MAP*  KPF MAP* KF®  MAP* KF®  Critical isotherm  Critical isotherm
(experimental) (calculated)
Lag.57Ndg.1Pbg.33MnO3 This work  350.18 34948 0.371 0.386  1.380 1.306 4.270 4.383
Lag 57Ndg.1 Pbg 33Mng 9sTig o503  This work  321.24 321.36  0.391 0.345 1.276 1.194 4.470 4.466
Mean field model [21] - 0.5 1 3
3D-Heisenberg model [21] - 0.365 1.336 4.80
3D-Ising model [21] — 0.325 1.241 4.82
AMAP: modified Arrott plots
PKF: Kouvel-Fisher
Fig.1 .4dMagnet%Zaéi(ig \II; 80 .= 322K
applied magnetic fie s —n —1
. e —m —
measured at different | _/./:/5?:?lf= _
temperatures, for /./'?'1:252=?52=2= AT=2K
. e e e e e |
Lag.57Ndg.1 Pbo 33Mn; — , Ti; O3 60 ) e e
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Fig. 5 Modified Arrott plots of
Lag 57Ndp.1 Pbo 33Mn; — , Ti, O3 1.5x10° -
for (a) x =0 and (b) 4x = 0.05
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unit cell and atomic parameters and other fitting parameters
of all samples were computed and are given in Table 1. Of
fit parameters given by this program contains the weighted
pattern Ryp, the pattern R, and the goodness of fit x>
The magnetization versus temperature M (7) under an
applied field of 500 Oe for the series Lag 57Ndg.1Pb0¢ 33
Mn; _,Ti,O3 (x =0 and x = 0.05) is shown in Fig. 2.
Based on these results, paramagnetic-ferromagnetic (PM—
FM) transition temperatures (7¢), were determined from the
inflexion point of dM /dT versus T (K), as shown in the in-
set of Fig. 2. Obviously, substitution of Ti on the Mn site
causes a reduction in the Curie temperature with increasing
the Ti-doping level. We suggest that the T¢ reduction could
be attributed to the distortion of MnOg octahedron due to the
gradual decreasing of the (Mn/Ti)-O—(Mn/Ti) bond angles

— T T T T T T T T
100 120 140 160 180
(HM) Y (0e.glemu)’

and increasing of (Mn/Ti)-O; see Table 1. It causes decreas-
ing in the mobility of e, electrons of Mn3* that become
more localized. Therefore, the double exchange interaction
is weakened with increasing Ti doping in the samples. The
reduction of 7¢ should be related to the dilution of the Mn
sublattice, i.e., the reduction of Mn** content results into
dominance of ferromagnetic super exchange interaction be-
tween Mn cations [16, 17].

Figure 3 shows the temperature dependence of the in-
verse magnetic susceptibility yx, deduced from M(T) at
500 Oe for all samples. Such behavior points out that the
Griffiths-phase is completely absent in the corresponding
data. For a ferromagnet, is well known that in the paramag-
netic region, the relation between y,, and the temperature T
should follow the Curie—Weiss law:

@ Springer
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Fig. 6 Spontaneous ° |
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Xm = ¢ (5)  more, the reduction of the paramagnetic Curie temperature
T —06p 0, with increasing of the Ti-doping level at B-site confirm-

where C is the Curie constant, and 6p is the Weiss tem-
perature. The solid lines in Fig. 3 are the calculated curves
deduced from the above Curie—Weiss equation.

The paramagnetic Curie temperature 6p is obtained to
the 351.15, and 319.35 K for the samples with x = 0
and x = 0.05, respectively. The positive value of 6p indi-
cates the ferromagnetic interaction between spins. The ex-
perimental effective paramagnetic moments were calculated

Nau? . .
%ugﬁ; with standard notations N4 = 6.023 x

102 mol~! is the number of Avogadro, up = 9.274 x
1072! emu is the Bohr magneton, and kp = 1.38016 x
10716 erg K~ is the Boltzmann constant. The temperature
range of fit, 6p /Lg%f, and /Lz)f(fp are listed in Table 2. Further-

from C =

@ Springer

ing the weakening of the ferromagnetic double exchange
interaction and an increasing contribution of antiferromag-
netic super exchange interactions.

The exact determination of the temperature Curie T¢
and critical exponents B, § and y for LNPMT (x =0
and x = 0.05) can be based on magnetization versus the
applied field M(H) measured at various temperatures,
known as magnetic isotherms. Here §, § and y are as-
sociated with the spontaneous magnetization M, (H =
0), initial magnetic susceptibility xo = dM /0 H /g—o, and
critical isotherm M(T¢, H), respectively [18]. Figure 3
shows the isotherms M versus H measurements were per-
formed around the FM—PM phase transition temperature
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Fig. 7 Kouvel-Fisher plots of 0 12
M (T, 0)[dM(T,0)/dT]™"
and x, (T, 0)ldx, (T, 0)/ 1
dT1™! vs. T for determination 410
of B and y in -10 +
Lag.57Ndo.1Pbo.33Mn; _ ;Ti; O3 < | A
for (a) x = 0 and (b) x = 0.05 - 18 '.;
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(T¢) for the series Lags7Ndg.1Pb033Mn; _,Ti, O3 (x =0
and x = 0.05). The insets show plots of H/M vs. M?.
To determine the type of magnetic phase transition in
Lag 57Ndg 1 Pb0 33Mn; _, Ti, O3 (x =0 and x = 0.05) sam-
ples, we have analyzed H/M vs. M? curves (which were
converted from the isothermal M—H data) using Banerjee
criterion [19] and the results of which are presented in Fig. 4.
According to this criterion, the magnetic transition is a first-
order (second-order) if the slope of the plot H/M and M?
is negative (positive). For all the samples, a second-order
phase transition has been confirmed with the positive slope
of H/M versus M? curve. According to the mean-field the-
ory near Tc, M? vs. H/M at various temperatures should
show a series of parallel lines. The line at T = T¢ should
pass through the origin. However, the curves in the Arrot

plots are not linear for samples. This suggests that the mean-
field theory is not valid for samples.

Thus, Lags7Ndg.1Pb033Mn; _,Ti,O3 (x =0 and x =
0.05) has second-order phase transition and to characterize
this we have taken recourse to which is commonly known
as modified Arrott plot (MAP) [20]. This is given by the fol-
lowing equation of state:

(H/MYY =a(T —Te))T +bM'/P (6)

where a and b are considered to be constants.

Figures 5(a) and 5(b) show modified Arrott plots M/ B
vs. (H/M YWY constructed from the M vs. H plots at dif-
ferent temperatures by using trial critical exponents 8 and y
similar to those of three-dimensional (3D) Heisenberg mag-
nets. This plot clearly shows the isotherms are a set of par-
allel straight in high magnetic fields. The line for T = T¢
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Fig. 8 M vs. H on a log-log _B:
scale around T = Tc. The Zk:
straight line is the linear fit 1.8 ; E TC=3 0K
following (3) % Z
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passes through the origin on this plot. As trial values, we
have chosen B = 0.365 and y = 1.336, the critical expo-
nents of the 3D-Heisenberg model. As this plot results in
nearly straight lines, a linear extrapolation from fields above
2 kOe to the intercepts with the axes M'/# and (H/M)!/Y
gives the values of spontaneous magnetization M, (T) and
inverse susceptibility . L, respectively. These values as
functions of temperatures are plotted in Fig. 6. According
to (1), slope of the straight line fitting of log[M(T)] vs.
log(e) gives new value of 8. Similarly, straight line fitting
of log[)(o_1 (T)] vs. log(e) according to (2) gives new value
of y. Table 3 lists the results of the fits for the two compo-
sitions. Clearly, the values of critical parameters found for

@ Springer

our samples completely agree with those of 3D-Heisenberg
theory (see Table 3).
Alternatively, the critical exponents can be obtained from
the Kouvel-Fisher (KF) method as well [22].
M(T)  T-Tc
dMy(T)/dT B
Xo (T) T—T¢
dxy'/dT 1%

@)

®)

According to this method, M, (dMs/aVT)_1 vs. T and
Xo_l (d)(o_l/dT)_l vs. T yield straight lines with slopes
1/B and 1/y, respectively. When these straight lines are ex-
trapolated to the ordinate equal to zero, the intercepts on T
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Fig. 9 Scaling plots for

Lag 57Ndg.1Pbg.33Mn; — , Ti, O3
for (a) x =0 and (b) x = 0.05.
The insets show the plots on a
log—log scale
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60
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01— ——
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axis just correspond to T¢. These plots are shown in Fig. 7
for both compositions x. We have listed the critical expo-
nents obtained from the modified Arrott plots as well as the
Kouvel-Fisher method along with 7¢ in Table 3.

Concerning the value of §, it can be determined directly
from the critical isotherm M (T¢, H).

Figure 8 performs M (H) measured at some temperatures
around T¢ on log-log scale. The fitting of the data near 7¢
the slope 1/8 is determined. The values of § obtained for
two compositions are given in Table 3. The two exponents
derived from our static scaling analysis are related by the
Widom scaling relation [23]:

§=1+(/B) &)

Using this scaling relation and the estimated values of B
and y, we obtain § values which are close to the estimates
for § from the critical isotherms at T¢, for both composi-
tions studied. Thus, the estimates of the critical exponents
are consistent. In the critical region, the magnetization and
applied magnetic field should obey the universal scaling be-
havior.

In Figs. 9(a) and 9(b), we show plots of M|e|=F vs.
H|e|~B+Y) for x =0 and x = 0.05, respectively. The two
curves represent temperatures below and above T¢. The in-
set shows the same data on a log—log plot. It can be clearly
seen that all the points fall on two curves, one for T' < T¢
another one for T > T¢. This corroborates that the obtained
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values of the critical exponents and T¢ are reliable and in
agreement with the scaling hypothesis.

The critical exponents obtained here is mostly close to the
3D-Heisenberg ferromagnet. As for the Heisenberg theory,
the exchange integral is strongly dependent on the interac-
tion distance. On the other hand, the universality class of the
magnetic phase transition depends on the range of the ex-
change interaction J (r) in homogeneous magnets [24, 25].
The long-range attractive interactions decay as [25]

J(r) =~ l/r_(d"’_c) (10)

where d is the spatial dimension, ¢ > 0. For a three-
dimensional material (d = 3), there holds the relation
J(r) ~ 1/r=G+9) with 3/2 <o < 2. When ¢ = 2, the
Heisenberg exponents (8 = 0.365, y = 1.336, and § = 4.8)
are valid for the three-dimensional isotropic ferromag-
net, i.e., J(r) decreases faster than r~5. When o = 3/2,
the mean-field exponents (8 = 0.5,y =1 and § = 3) are
valid, which indicates that J(r) decreases slower than
r~%3_ All exponents obtained values of the 3D-Heisenberg
model, which confirm that J(r) decays slower than r— for
La0.57Nd0,1PbO_33Mn1 _xTixO3 ()C =0and x = 0.05).

5 Conclusion

In summary, we have investigated the effect of Ti dop-
ing in Lags57Ndo.1Pb033MnO3 on the structural, mag-
netic, and critical parameters. The lattice parameters, unit
cell volume, the (Mn/Ti)-O—(Mn/Ti) bond angle, and the
(Mn/Ti)-O bond length increase with increasing Ti con-
tent. The Curie temperature 7¢ is reduced by Ti dop-
ing level. The critical parameters 8, y, and § estimated
from various techniques match reasonably well. The val-
ues of the critical exponents are very close to the values
for the 3D-Heisenberg ferromagnet with short-range inter-
actions.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.
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