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ABSTRACT

We investigated magnetic properties of Lag;Cag sMn, _Fe,05 (x=0.09 and 0.11 ) comp s in terms of
isothermal magnetization analysis and scaling behavior with various critical exponents. From the Landau
theory of magnetic phase transition, we found that the paramagnetic to ferromagnetic phase transition
in LagsCag sMn, _ Fe, 05 (x and 0.11) compounds is the type of second order magnetic transition
(SOMT), which contrary to the first order magnetic transition (FOMT) for low Fe-doped compounds
(x < 0.09) in previous reports. When we investigate the critical behavior of the compounds near T=T, by
the modified Arrott plot, Kouvel-Fisher plots, and critical isothermal analysis, the estimated critical
exponents /4, ¥, and § are in between the theoretically predicted values for three-dimensional Heisenberg
and mean-field interaction models. It is noteworthy that the scaling relations are obeyed in terms of
renormalization magnetization m=t"‘r’M(H.€) and renormalized field h=let’“7H. Temperature-depen-
dent effective exponents f3.yand y.y correspond to the ones of disordered ferromagnets. It is shown that
the magnetic state of the compounds is not fully described by the conventional localized-spin interaction
model because the ferromagnetic interaction has itinerant character by increasing Fe-doping con-

centration.

[ 5015 Elsevier B.V. All rights reserved.

1. Introduction

There have been much interest in hole-doped perovskite
manganites of R; _,A’,MnO; (R=La, Pr, Nd; A'=Pb, Ca, Sr etc.) due
to their colossal mangnetoresistance (CMR) and many other in-
teresting magnetic properties near the ferromagnetic-para-
magnetic (FM-PM) phase-transition temperatur?[l]. Basically,
the CMR is usually explained by means of the double-exchange
(DE) mechanism between Mn®** and Mn** ions. The strong
electron-phonon coupling in manganites gives rise to the Jahn-
Teller distortion [2,3]. Magnetic and magnetotransport properties
thus depend not only on the Mn®*/Mn** ratio but also on the
bond length and bond angle of the perovskite structure. Among
perovskite manganites, Lag;Cag3Mn, _,Fe, 05 has received special
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interest because they showed both CMR and giant magnetocaloric
(GMC) effects [4,5].

Here, we investigated the magnetic properties of
Lag7CagsMny _yFe,03 (x=0.09 and x=0.11) compounds. In a pre-
vious report, it was reported the first order magnetic transition in
low Fe-doped Lag;Cags;Mn; _Fe,0; (¥x=0-0.07) compounds [5]
and the critical exponents found to be far from the expected values

frogmoretical model [G].

ccording to the Landau theory of magnetic phase transition
[ 7], we can distinguish the type of magnetic phase transition, such
as the first-order (FOMT) and second-order magnetic transitions
(SOMT). By analyzing the magnetic properties, we found the SOMT
in the Lags;CagaMn,_.Fe,03 compounds for Fe doping at the
doping ratios of x=0.09 and x=0.11. In addition, the critical ex-
ponents on the compounds have unconventional characteristics.
For example, the critical exponents do not correspond to the
conventional universality class with mean field theory and
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Heisenberg model. On the other hand, the critical exponents obey
scaling relations near the T.. The effective exponents ([, yer) vary
with temperature similar to those from renormalized group ap-
proach [8].

2. Experiments

Polycrystalline samples of Lag;CagsMn, _,Fe, 05 (x=0.09 ﬁ
0.11) were prepared by conventional solid-state reaction method.
Stoichiometric mixture of high-purity powders of La CaCos,
Fe,04 and MnCO3 were ground, mixed well, and then calcined in
air at 1000 °C for 24 h. The calcined powders were cold pressed
and sintered at 1300 °C #8824 h in air. After grinding and repeating
the sintering processes, the crystal structure of the final products
was invesfitlited by the X-ray diffractometer (Brucker AXS, D8
Discover). Magnetic measurements were performed on a vibrating
sa magnetometer (VSM) with the magnetic-field range of 0-
10 |

3. Results and discussion

The crystal structure of Lag7Cag3Mn, _ ,Fe,03 (x=0.09 and 0.11)
samples was examined by an diffractometer in an angle
range of 20-70° which is shown mn Fig. 1. It shows single phase of
the orthorhombic structure with Pbnm space group with no no-
ticeable impurities. The lattice parameters of the compounds are
a=5.451(6) A, b=7.700(4) A, and 46(7) A which is not sig-
nificantly different with each other due to small doping variation.

The temperature dependence of magnetization M(T) is shown
in Fig. 2 for LapCapsMnge Feppa0s under a magnetic field of
H=500e. The low field magnetization shows the ferromagnetic
transition. The Curie temperature is defined by the extreme of dM/
dT vs. T as shown in the inset of Fig. 2, which is obtained by T,
=107.71 K for x=0.09 and T,=103.28 K for x=0.11, respectively.
However, a more accurate TJly_q values could be determined by
using the analysis of the critical exponents from the isothermal
magnetization curves around T, as shown in Fig. 3(a) and (b). The
figures show magnetic-field dependences of magnetization, M(H),
for lﬂo_jt&o_]Mﬂu_g] FEQ_(}903 and Lau_—;Cau_3M [lo_ggFEo_|103 at various
temperatures as indicated with a temperature step of 2 K. In the
temperature range of T<T, the magnetization increases non-
linearly with increasing the magnetic field, but the saturation
magnetization is not attained. Meanwhile, in the region T>T, M
(H) shows linear increase with increasing magnetic fields.
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For a ferromagnetic materials, the magnetization can be re-
presented by a scaled equation of state, which is led from a scaling
hypothesis. Scaling hypothesis or, equivalently, the homogeneity
postulate makes two specific predictions: (i) it rel various
critical exponents through scaling, (ii) it makes specific predictions
concerning the form of the equation of state. According to the
scaling hypothesis, for SOMT, the spontaneous magnetization M,
(T) below T., inverse initial susceptibly yo (T) above T., and
magnetization M at T, show following power law dependence [9]:

Ms(T)=Ma( - ¢), &<0, (1)
2071 (T) = (ho/Mo)er, &> 0, (2)
M =DH'Y ¢=0, 3

where My, hy, and D are critical amplitudes of magnetization,
magnetic field, and ccient of critical behavior of magnetiza-
tion, respectively, e =(T-T,)/T. is the rauced temperature and /7, 7,
and & are the critical exponents. The magnetic equation of state is
a relationship among the variables M (H,£), H, and T. Using scaling




o Cinn‘nggal. JJourmnal of Magnetism and Magnetic Materials 395 (2015) 41-47 43

hypothesis this can be expressed as
M(H, &) = lel’f, (H[leV+7), )

where f, for T= T, and f_ for T = T, are regular analytic functions.
In terms of renormalization of magnetization m=¢e""M (He) and
magnetic field h=1lel”+7H, the Eq. (4) can be written as

m=f,(h (5)

Eq. (5) implies that fcaan appropriate choice of critical ex-
ponents, scaled m plotted as a function of scaled h will fall on two
universal curves: one above T, and another below T.

Generally, the critical exponents and critical temperature can
be easily determined by analyzing the Arrott plot at tcmperauqs
around T, [10,11]. In the Landau theory of phase transition, the
Gibbs free energy G can be expressed in terms of the order para-
meter M as

G(T, M) = Go + aM? + bM* — MH (6)

where the coefficients a and b are temperature-dependent [12].
For an equilibrium state (dG/dM=0), the magnetic equation of
state transforms into:
H 2

= 2a + 4bM D

Thus, M? vs. H/M should appear as straight lines in the high
field range in the Arrott plot. The intercept of M? as a function of H/
M on the HfM axis is negative (positive) below (above) T.. The lines
of M? vs, H/M at T, should cross the origin.

According to the criterion of Landau theory [7], the order of
magnetic transition can be dete from the slope of the
straight line in the Arrott’s plot: the positive slope corresponds to
the second order ma ic transition (SOMT) while the negative
slope corresponds to the firs| er magnetic transition (FOMT).
Fig. 4(a) and (b) show the Arrott plot of M? vs. H/M for the
Lag7Cag sMn, _Fe, 05 (x=0.09 and 0.11) around T. The positive
slope of M* vs. H/M plot indicates that the PM-FM phase transition
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is a type of SOMT.

However, all curves in the Arrott plot are nonlinear and show
upward curvature even in the high-fiel@@gion, which indicates
that f=05 and y=1 are not satisfied according to the Arrott-
Noakes equation of state (H/M)\"/")=(T—T.)/T.+(M/M,)'", where
My is a characteristic constant depending on materials [13]. In
other words, the Landau theory of phase transition or the mean
field theory with f=05 and y=1 is not valid for the
Lag7CapsMngaiFeqne03 and Lag7CagsMng ggFeg 1104 C()rnp()urlds.

Thus, the modified Arrott plots are employed to obtain the
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correct critical exponents f# and y. This is given by following
equation of state:

(HIMyW") = a(T-T;){T. + bM'I#, (8)

where a and b are considered to be constants which represents
modified Arrott plot in the Eq. (8) for the Lap;CapaMngg; Fep o3
and Lag 7Cag sMng goFeg 1103 compounds at different temperatures.
If we choose proper f# and y, the isothermal plot can clearly be
shown as parallel straight lines at high fields.

However, the selection of exponents f} and y is nontrivial from
Eq. (8) as shown in Fig. 5. To overcome this difficulty, a rigorous
iterative method has been employed to find out the appropriate
values of f# and y. In this method, starting trial values of # and y are
taken for theoretical 3-D Heisenberg model. When we substitute
these values of # and y in Eq. (8), we obtained a similar behavior
with Fig. 5 (not shown). Linear extrapolation of the isotherms is
taken from the high field which gives (MY and (g as an
intercept on (M) and (H/M)" axis, respectively. These values of
MJ(T) and xg‘lm have been used in Eqs. (1) and (2), respectively.
According to Eq. (1), the slope of the straight line fitting of log [M,
(1] vs. log () gives a value of f. Similarly, the straight line fitting
of log [x;'(T)] vs. log (&) from Eq. (2), will give new y. For fitting
the straight lines, the T, in Egs. (1) and (2) is adjusted as a free

Table 1
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Fig. 8. Log-log plot of critical isotherms for Lag;CagsMn, _,Fe,05 (a) x=0.09 and
(b) x=0.11.

parameter so as to give best fitting. These new values of f and y
are again in used to construct new modified Arrott plot in Fig. 5
(a) and (b). This process was continued until when the values of, f,
¥, and T, are stably converged.

From the iterative calculation, a set of reasonably good parallel
straight lines have been generated with values of [(f=0.423,
y=1201 for x=0.09 and =0.461, y=1201 for x=0.11, respec-
tively. It is evident that the modified Arrott plot does not show
linear behavior at low magnetic field region as shown in Fig. 5
(a) and (b) because the direction of magnetization are randomly
oriented in low magnetic field region [14]. On the other hand, in
high fields, all isothermal scaled magnetization are set of parallel
straight lines. The intercept of linear extrapolation from high
magnetic field of the isothermal scaled magnetization passes
through the origins at T,=107.75 K for x=0.09 and at 103.28 K for
x=0.11, respectively.

The calculated values of temperature-dependent saturation
magnetization MJ(T) and inverse initial magnetic susceptibility
# '(T) are plotted in Fig. 6(a) and (b), respectively. Using these
values of My(T) and zo‘ltT). Eq.(1) gives f=0.423 and T,.=107.94 K
for x=0.09 and /#=0.461 and T,=103.63 K for x=0.11, respectively.
Also, Eq. (2) gives y=1.201 and T.=10756K for x=0.09 and

Values of the exponents i, y, 6 as determined from the Arrott plots, Kouvel-Fisher plot for Lag;CagsMn, _,Fe,04 (x=0.09 and 0.11). The theoretically predicted values of

exponents for various universality are given for the sake of comparison.

Material Technique TAK) b b 4 Ref.
Lag+Can sMng o1 Fen a0 odified Arrott plot 107.75 0,423 + 0,008 1.201 +0.025 3.70 + 0.07 This work
3.83 +0.016"
Kouvel-Fisher method 107.27 0.401 + 0054 1216 + 0,014 4.03 +0.034" This work
Lag7Cag sMng goFeq 1103 Modified Arrott plot 103.28 0.461 + 0.081 1.064 + 0.063 3.36 + 001 This work
3.30 +0.072°
Kouvel-Fisher method 103.46 0.450 + 0166 1.041 +0.016 3.31 4 0.091" This work
Mean field model Theory - 0.5 1.0 3.0 [15]
3D Heisenberg Model Theory - 0.365 1.386 4.80 [15]
3D Ising Model Theory - 0325 1.241 4.82 [15]

* Calculated from widom scaling relation 6= 14y
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y=1064 and T.=102.94 K for x=0.11, respectively. From this
analysis with the criteria, we can define the critical temperature as
an averaged values of T,=107.75 K for x=0.09 and T,=103.28 K for
x=0.02.

Alternatively, the values of /# and y can be obtained also by the
Kouvel-Fisher (K-F) method [15]. According to this methodi¥le
plots of M(dM/dT) ' and x3'(T) (dy'/dT)"" vs. T should yield
straight lines with slopes of 1//# and 1/y, respectively. When the

data are extrapolated to ordinate equal zero, the intercept of
straight lines on T axis equals to T.. The K I-Fisher plots are
shown in Fig. 7(a) and (b). The straight lines obtained from a least-
square fit to the data give the values of /=0.401, y=1216 and T,
=107275K for x=0.09, f=0.454, y=1.04 and T,=102.665K for
x=0.11, respectively. It is remarkable that the values of critical
exponents as well as T, calculated using both modified of Arrott
and Kouvel-Fisher plots give reasonably similar values (see Ta-
ble 1), indicating the self-consistent analysis.

The another critical exponent & can be determined directly
from the critical isothermal analysis of M{T,, H). According to Eq. 3,
In (M) vs. In (H) would give ri the straight lines with a slope of
1/8. From the linier fitting of In (M) vs. In (H) plot in Fig. 8(a) and
(b), we get the value of §=3.70 at T=106 K for x=0.09 and §=3.30
at T=103 K for x=0.11, respectively, which is presented in Table 1.
These values are very close to §=3.83 for x=0.01 and §=3.30 for
x=0.11 determined from the Widom scaling relation [16]:

s=1+y/p (9

Hence, estimated exponents (4, y) in present study are self-
consistent and an accurate within the experimental precision.

We have then compared our data with the prediction of scaling
theory. According to Eq. (4), the functional analysis of Miel” with Hf
lelf+1) produces two universal curves, one for temperatures below
T.. and the other one for above T.. Using the values of  and ¥
atained above, the scaled data for the samples x=0.09 and 0.11
are plotted in Fig. 9(a) and (b), respectively. The high-field data
points fall on two functional forms for T< T, and T = T.. In other
words, the Lag;CagsMn, _,Fe,05 samples undergo SOMT. It is
noteworthy that the scaling behavior at high temperature is better
than the one of low-magnetic fields due to rearrangement of
magnetic domains and the effect of the uncertainty in the calcu-
lation of demagnetization factor which become significant in low
field region.

The reliability of the exponents and T, has been further ensured
with more rigorous analysis by plotting m? vs. hfm [17]. Fig. 10
(a) and (b) also show two functional behaviors: one below T, and
the other above T. This proves that the critical parameters de-
termined in our work are in good accordance with the scaling
hypothesis.

If there is various competing couplings and randomness in a
magnetic system, then the critical behavior may have various
systematic trends or crossover phenomena. In that case, it is useful
to generalize as a power law for the critical behavior by defining
effective exponents as follows:

g din Ms(e))
T T d(n e (10)
__ ddn g e)
=~ " d(in ) an

In usual cases, exponents in the asymptotic regime (£-0)
show universal properties. In other words, the critical behaviors
depend on the macroscopic bulk parameters of the system such as
symmetry and dimensionality of the order parameters which are
independent of the microscopic details of the samples. However,
in some cases, exponents often show various systematic behaviors
or crossover phenomenon as T— T, [18,19].

Even through the estimated critical exponents in present study
strictly do not belong to the usual universality classes, it is im-
portant to find out the universality that approaches to the one in
the asymptotic limit. For this purpose, we calculate the effective
exponent .y and y.r as a function of & with Eq. (10) which are
presented in Fig. 11. Fig. 11(a) and (b) represents [z and (c) and
(d) represent yy for x=0.09 and 0.11 compounds, respectively. As
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in the Fig. 11(a) and (b), the ffy shows non-monatomic change
with &, For x=0.09 compound, the ff,y shows increased from ff.y
~ 0393 at £ ~—0.016 to the maximum value of f.y~0.423 at
&~ —0.104 with following decrease of fi.jto the value of 0.3655 at
£~ —0.034. In the case of x=011 compound, the f.y=~ 106 at
£~ —0.107decreases with increasing £. On the other hand, the yer
is decreased significantly from y.;~ 1982 at £=0.02 to the dip
point of yer= 1109 at £~ 0.040 with slight increase of y.; with
increasing ¢ for x=0.09 compound. For x=0.11 compound, the y.;
shows irregular behavior with &.

The unusual behavior of critical exponents might be raised by
several possible reasons; (i) &,., does not fall into the asymptotic
exponents; (ii) the materials have disorder because the disagree-
ment of effective exponents with universality classes in asymptotic
regime is also observed in disorder materials [20]; (iii) the system
goes through crossover regime to another universality class in

asymptotic regime [21].

While the low Fe-d compounds of Lag7CagaMn, _yFe,0s
(0.0 =x =0.07) exhibit first order magnetic transition [5], we
found the second order magnetic transition for the present com-
pound of Lag5CagsMn, _Fe,03 (x=0.09 and 0.11) under the cri-
tical behavior investigation. The second order magnetic transition
was also observed in the homologous compounds of
Lag,7Cap.33MnpoFep 05 [21] and LaggyCag33MngeGag 03 [22].

The SOMT by Fe ions implies the weakening of magnetic in-
teraction. It is well known that the magnetic interaction of man-
ganites is double exchange or superexchange interaction. Ahn
et al. [23] described that Mn e (1) band is electronically active,
where electrons hop between the Mn** and Mn** ions. The
substitution of Fe**™ ons at Mn®" ionic sites in
Lag7C] n;_xFe,03 at x=0.09 and x=0.11 compounds can re-
duce the number of available hopping sites, resulting in the
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suppression of double exchange interaction, which gives rise to
the reduction of ferromagnetic exchange and metallic conduction.
Moreover, Mn-0-Mn and Fe-O-Fe chains coexist that reinforces
magnetic inhomogeneity. Cai et al. [24] observed ferromagnetic
clusters embedded in antiferromagnetism for
Lagg7Cag 33MnggFeg 05 compound from the suppression of double
exchange (DE) interaction. The competition between the ferro-
magnetic DE interaction and the coexistence of antiferromagnetic
super-exchange interaction with the introduction of Fe®* for
Mn®* gives rise to the randomly canted ferromagnetic state at low
temperature. In ad n, the variation in structural parameters,
particularly for the Mn-0 bond length and Mn-0-Mn bond angle
|25], influences directly to the magnetic phase transition in
Lag;CagsMn, _Fe,05 at x < 0.09.

Table 1 shows the critical exponenf Lag+CagsMny _Fe, 04
(x=0.09 and x=0.11) obtained from modified Arrott plot and
Kouvel-Fisher method and the theoretical expectations. It is clear
that with increasing Fe contents, the values of critical exponent /#
is increased while y is decreased. To explain the critical exponents
obtained for Lag-CagsMn, _Fe, 04 (x=0.09 and x=0.11), we have
compared the values of the theoretical models and earlier studies
on manganites. In our case, the values of f=0423 + 0.008 for
x=0.09 and f=0461 + 0.081 for x=0.11 are in between to that
expected for the mean-field (MF) theory (/=0.5) and Heisenberg
model (f#/=0.365), this behavior was also observed in
Lag 75r0.3sMnga7Nig303 (f=0.468) [15]. On the other hand, the
values of y =1.201 + 0.025 for x=0.1 are close to 3-D Ising model
with y=1.241 and y=1.064 + 0.063 for x=0.11 are closed to the
predicted value for the MF theory with y=1.

These results prove that FM interactions in
Lag7CagsMn, _Fe, 05 (x=0.09 and x=0.11) have the following
properties: (i) it does not comply with a short-range interaction
model; (ii) the estimated exponents are in between the values
expected for the 3-D Heisenberg and MF models, indicating the
magnetic interactions a extended type; and (iii) it has an
itinerant characteristic. It i1s known that the values of the critical
exponents depend strongly on the range of exchange interaction J
(r), spins and the spatial dimensionality. Fisher et al. [8] showed

that the critical exponents approach to the values of Heisen

model if the exchange interaction has the form of J(r)=1/r"*" (d is
the spatial dimension of the system and o is the range of the in-
teraction). If & = 2, then the Heisenberg exponents with f=0.365,
y=1386 and 5=4.8 are valid. The mean-field exponents with
p=0.5, y=1 and 6=3 are valid for & less than 3/2. For ¥2 < ¢ < 2,
the exponents belong to other universality classes which depend
on . Thus, these results suggest that critical phenomena in
Lag7Cap sMny _ Fe,03 (x=0.09 and x=0.11) could not be explained
on the conventional universality classes.

4. Conclusion

We Ewe studied the influence of Fe-doping on the critical
properties of polycrystalline samples of Lag;CagsMn, _Fe 04
(x=0.09 and x=0.11) prepared by solid-state reaction. The critical
behavior of magnetization at paramagnetic (PM) to ferromagnetic

(FM) phase transition in LagzCapsMny _,Fe, 05 (x=0.09 and
x=0.11) was studied using the modified Arrott plot, Kouvel-Fisher
plot, and critical isother nalysis. From the analysis, we found
that the PM to FM phase transition is of the second order on the
doping range.

The critical exponents /4, y, and & estimated from various
techniques reasonably correspond to the values in between those
theoretically predicated values from 3-D Heisenberg and mean-
field (MF) interaction models. Even though the critical exponents
are in between 3-D Heisenberg and MF theory, the isothermal
field-dependent magnetization at various temperatures M(HT)
follow scaling behavior around T, which falls into two func-
tional branches of a universal function M{H.é‘):l&'lﬂfi(HﬂElﬂ"'r)‘
where £=(T—T.)[T. is the reduced temperature and f, (f_) re-
presents the function at T>T. (T <T.). This conclusively shows
that calculated critical exponets as well as critical temperature are
obtained reasonably to the system. The y.y is increasing with in-
crease of € for x=0.09 compound. For x=0.11 compound, the y.5
shows irregular behavior with .
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