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Abstract

The critical properties of monovalent doped manganite Pro.55K0.0sSr0.4MnQO3 around the
paramagnetic to ferromagnetic phase transition were investigated through various methods: the
modified Arrott plots (MAP), the Kouvel-Fisher method and the critical isotherm analysis. Data
obtained near 7c were examined in the framework of the mean field theory, the 3D—Heisenberg
model, the 3D-Ising model, and tricritical mean field. The deduced critical exponents values
obtained using MAP method were found to be B = 0.44(4) with Tc = 303 K and y = 1.04(1)
with Tc = 302 K. Kouvel-Fisher method supplies the critical values to be § = 0.41(2) with Tc =
302 K and y = 1.09(1) with Tc = 302 K. The obtained critical parameters show a tendency
towards the mean-field behavior, suggesting the existence of long-range ferromagnetic order in
the compound studied. The exponent ¢ deduced separately from isotherm analysis at T=303 K
was found to obey to the Widom scaling relation 6 = 1+ y/ B. The reliability of obtained
exponents was confirmed by using the universal scaling hypothesis. The itinerant character of
ferromagnetism in the present system was also tested by using Rhodes-Wohlfarth’s criterion.

Introduction

Perovskite manganites have been extensively investigated because of their rich phase
diagrams, the coexistence of both paramagnetic-ferromagnetic and insulator- metal transition
and the discovery of the colossal magnetoresistance (CMR) in those materials [1, 2]. The
interplay between the magnetic and transport properties has been explained by various theories
as the AFM super exchange Mn**-Mn*"/ Mn**-Mn** and the FM double exchange (DE) Mn**-
Mn*"interactions, polaronic effects and phase separation [3-5]. The phase transition phenomena
are well clarified by the exchange theory and Jahn Teller effect [6]. Recently the exploration of
critical phenomena, in particular the determination of critical exponents at the phase transition,
has been considered as interesting key for theoretical description and experimental
characterization of magnetic materials [7-9]. Previously, the critical behavior in the DE model
was described by long-range mean—field theory [10, 11]. However, other reports suggested that
the critical behavior should be attributed to short—range Heisenberg model [12, 13]. Therefore,
experimental works on critical exponents are still controversial. M. Khlifi et al. [14] reported
the 3D-Ising models for LaosCao2MnOs3, it was also reported a 3D Heisenberg universality
class for the ferromagnetic manganite Pro.sSro4aMnO3 [9].. Recently, J. Fan [8] reported a simple
and efficient method to determine the critical exponent of Pro.55Sr0.4sMnO3 manganite based on
the field dependence of magnetic entropy change. Other studies on ProsSro4MnO3 single
crystals [9],were based on the independent determination of the three critical exponents..

Recent studies of critical exponent on monovalent (Ag, Li) doped manganites were
reported for LaosCao.s-xAgxMnO3 and Lao.sCao4Lio.iMnO3 compounds [15, 16]. Due to the
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valence difference, the replacement of the trivalent metals by the monovalent metals converts
twice more Mn®" to Mn*". This weakens the double exchange interaction. The Curie
temperature, therefore, is expected to be reduced compared to that reported for the parent
undoped manganite ProsSro4MnO3 (310 K). Moreover, it is observed that the 5 % K doping
shifts the structural transition to about 150 K, which is about 50 K higher than for the undoped
manganite [17, 18]. The aim of the present work is to investigate the critical exponents and the
Curie temperature through various techniques including modified Arrott plot, Kouvel-Fisher
method, and critical isotherm analysis of potassium doped manganite Pro.55K0.05S10.4MnQO3 in
order to understand its magnetic interactions. The obtained values were discussed and compared
to those reported for similar manganites. According to the Rhodes-Wohlfarth’s criterion a
itinerant character of ferromagnetism was also tested.

Experimental

Pro.55K0.0sS10.4MnO3 samples were prepared by using the standard conventional solid
state reaction method at room temperature. Stoichiometric ratio of PrsO11, SrCO3, K2CO3 and
MnO:z2 (99.9%) were mixed in an agate mortar and then heated in air to 1000 °C for 60h with
intermediate grinding. The obtained mixtures were then pressed into pellets and sintered at 1100
°C in air for 60 h with intermediate grinding. Cell parameters were studied by the X-ray
diffraction with Cu-Ka radiation (1.54 A) in the 20 range of 10 - 100 degrees. Structural analysis
was carried out using the standard Rietveld technique, the average crystallite Cxrp size was 70
nm and the volume was 228.334 A3, The mean grain size value G, was estimated from SEM

images and was found to be varying between 1 and 1.2 pm. Magnetic measurements were
carried out using PPMS (Physical Property Measurement System from Quantum Design) in
applied magnetic fields up to 2 T.

AC susceptibility

The temperature dependence of the in-phase AC magnetic susceptibility y’ (T) is shown
in Fig. 1. On lowering temperature, the magnetic susceptibility increases rapidly around PM-
FM transition temperature Tc, and then decreases in the charge ordered state. Such behavior is
in good agreement with that observed for typical ferromagnetic materials. We also note that the
Tc value defined by the minimum of dy’(T)/dT is found to be equal 303 K (+1 K),which is in
accordance with that determined by the temperature derivative of DC magnetization [17].
According to the sample shape and orientation of the applied magnetic field, the
demagnetization factor N can be estimated to be 0.18-0.19 for rectangular ferromagnetic prism
[19]. Knowing that the magnetic susceptibility is bounded by 1/N, as can be observed for
samples with short aspect ratio [20], it is of interest to compare the measured y’(T) temperature
dependence with the 1/N demagnetization limit. Since ’(T) is substantially smaller than 1/N in
most of the investigated temperature range (Fig. 1), we can conclude that demagnetization
effects are not predominant in the present case.

Arrott plots

The positive slope of Arrott isotherms for temperatures close to the Curie temperature shown
in Fig. 2A, confirms that the studied sample presents a second order phase transition, according
to the Banerjee criterion [17, 21]. Generally, the second-order magnetic phase transition
behavior is characterized by a set of critical exponents (B, Y and 8) near Curie temperature [10].
This analysis cannot be done for first order transition because the field dependence of the critical
temperature [22].

We have prepared the modified Arrott plots (MAP) applying the theoretical exponents for
the mean field model, 3D—Heisenberg model, 3D-Ising, and tricritical mean field models. The
critical exponents £, y and ¢ for each model are listed in table 1 [10, 22]. As shown in Fig. 2A-
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D, all MAP in the high field regime (B > 1 T, i.e. on the right of the dashed curve) are linear
and nearly parallel to each other. We calculated their relative slopes, RS defined as:
RS=S(T)/S(Tc), where S(T) and S(Tc) are the slopes deduced from MAP around and at Tc,
respectively. Perfect parallel lines are described by RS equal to 1. The results in Fig. 3 indicate
that the relative slope (RS) reported for mean field-theory model is the closest to 1, meaning
that this model can be suitable for proper choice to deduce the critical exponents.

The critical exponents are defined as follows: [23]

My, (T)=M|",T<T,), (1)
Z()_I(T):(HO/MO)|ty’T>_TC’ (2)
M(H)=RH?, 3)

where Msp is spontaneous magnetization, o is the initial magnetic susceptibility, t is the
reduced temperature defined as t = (T-Tc)/Tc, Mo, Hi/Moand R are the critical amplitudes. For
better critical analysis, t was limited to about 0.03. The linear extrapolation from high field
regime (B>1T and the temperature range 272 K to 320 K) to the intercepts with M"P and
(H/M)"" axes was applied to determine the values of Msy(T) for T < Tc and y0™}(T) for T > Tk,
respectively. The plot of the spontaneous magnetization Msy, and the inverse of the initial
magnetic susceptibility versus temperature were used to extract the proper values of B, y and
Tc, as shown in Fig. 4. The values deduced from the best fit according to the equation (1) are
found to be 0.44(4) for B with Tc =~ 303 K and according to the equation (2) are found to be
1.04(1) for y with Tc = 302.

The critical exponent 6 can be determined from the obtained 3 and y values according
to the Widom scaling relation [24]:

5:1+1, 4
B 4)

and the value was found to be equal 3.34(5). Fig. 5 shows isotherms M (Hetr, T=300 K) and M
(Hefr, T=303 K). According to Eq. (3) and from the linear fit of log (M) versus log (Hefr) plots
for high filed range (inset Fig. 5), we deduced 6 =3.33(2) which fits with 6 = 3.34(5) that
deduced from Widom scaling relation Eq. (4). However, the deduced & = 4.16(1) from the
isotherm at 300 K, is found to be slightly deviated. This result may confirm that the nearest
critical temperature can be equal to 303 K.

Kouvel-Fisher method

The critical exponent can be also determined by using the Kouvel-Fisher method, which
can provides values that are more accurate because the slope is easy determined without
application of log function [25]:

MSp(T) _T_TC

dM 5, (T) B
Vir
Z(;I(T) _T_Tc

dyy' (Ty y
dT

The plots of Msp(T)[dMspry/dT]™" and o (T)[ dyo'(T)/dT]"' shown in Fig. 6 exhibit straight

lines. According to the equation (5) and (6), the slopes should be equal to 1/p and 1/y,

respectively. Then the intercepts correspond to the critical temperature Tc. The deduced values

are found to be 0.41(2) for B with Tc = 302 K and 1.09 (1) for y with Tc = 302. According to
the Widom scaling relation Eq. (4) the deduced value of 6 is found to equal 3.64(2). The

)

(6)
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obtained results are comparable with those derived from the modified Arrott plot. This indicates
the self-consistency of the values of the exponents.

Scaling theory
For checking the reliability of critical exponents, the scaling theory provides a scope
according to the magnetic equation of state in critical region as given [10]:

MH, 0=l 1. (%M), (7)

where t is the reduced temperature (T-Tc)/Tc, f* for T>Tc and f for T<Tc, f" and f are two
regular functions. The plot of M t? versus H t(#*?) as shown in Fig. 7 and the log-log scale for
the same data in the inset of Fig. 7 show two universal curves for T > Tc and for T < Tc,
respectively. The existence of these two curves in our case is a good confirmation that our
experimental data is in agreement with the scaling theory and consequently the critical
exponents are reliable.

In previous studies [17], we reported critical exponent n by using the field dependence
of magnetic entropy change thus, we deduced B and y values which were found to be very
similar to those reported in the present work.

The critical exponent n can be also determined by using the following formula [26]:

-1
s (8)
B+r

The obtained value is =0.61which is in good agreement with 0.59 reported in ref [17]
and not so far to the theoretical values 0.66 and 0.63 values reported for the mean field model
and the 3D Heisenberg model, respectively. We notice also that the obtained n values equal to
0.61 is very close to the estimated values 0.62 and 0.64 reported for ProsSro4MnOs3; and
Pro.s5Sro.4sMnO3 manganite [8,9], respectively, as listed in table 1. While the estimated values
are found to be deviated to 0.56 and 0.4 values reported for 3D Ising model and tricritical mean
field model, respectively.

n=1+

Discussion

As mentioned above the derived critical exponents are essentially determined from
mean field-theory model but the obtained values are not strictly equal to those of mean field-
theory model. Such result confirms the complex magnetic behavior of the manganite studied.
The B values of 0.41(2) and 0.44(4) deduced from Kouvel-Fisher method and modified Arrott
plot, respectively, locate between those expected for the mean-field and 3D Heisenberg models.
Consequently, to distinguish the proper model the relative slope plots (RS) was considered. As
illustrated in Fig.3 the RS observed for the mean field model results in values closer to the ideal
value of 1 more than the remaining three models. This mean field model can be explained by
the presence of a long-range FM interactions. The similar behavior was also reported for for
Euo.5Sr0.5C003 system [27]. A conventional magnetic systems belonging the 3D Heisenberg
universality class with short range ferromagnetic (FM) interaction were also reported for
undoped Pro.6Sr0.4MnO3 compound [9, 28]. This means that K - doping favours establishing FM
long-range order in Pro.6-xKxSr0.4MnOs3 system. We should also note that the deviation of critical
values can be related to other effects as the dimensionality of the magnetic range. The present
values were compared to similar doped manganite in table 1.

Generally the long-range type of interaction may occur because of an isotropic
interaction between spins, which is generated by the exchange integral range as: [29].

J(r) = %M , )
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where d is the dimension, ¢ is the range of the interaction and r is the distance. A 3D system of
isotropic spins of long-range or short-range type is observed for ¢ > 2 or ¢ < 2, respectively.
The 3D Heisenberg model is valid if 6 > 2, and the exchange integral J(r) decays with distance
faster than 1. However the mean-field model is valid for ¢ < 3/2, when J(r) J(7) o 0+ with
3+ 0 <4.5. In the intermediate range 3/2 < ¢ < 2, the system follows different class depending
on ¢ value. According to [29, 30], for a system with dimensionality d and spin n, the critical
exponent y and the range of interaction ¢ satisfy a mathematical relation defined as:

1
4(n+2 8(n—4)n+2) 2G[2d](7n+20)
]/=1+EmAU+ dz( 3 1+ ~
n+8) (n 4)(n+8)

Ac? (10)

2
where Ao =0 —%d and G(%d j =3 —%(%d j . In the case of the present sample with y =

1.04(1) and by using Eq. (9) one can determine ¢ value equal to be 1.52(2). This result suggests
that J(r) decays as r**2, which visibly approaches the mean field behavior with long-range
interaction.

As mentioned in [26], according to Rhodes-Wohlfarth's criterion [31], in order to
determine the nature of the ferromagnetism we calculated the ratio Qc/Qs, where Qs and Qc
are the number of magnetic carriers per atom deduced from low-T saturation magnetization and
calculated from effective Curie Weiss constant C, respectively. The value of Qs is 3.10 at 200
K, and the effective paramagnetic moment u e’;,. calculated from the inverse susceptibility, is

found to equal 5.67. Qc is deduced from the following equation ,ufﬁ, =2g,/S(S+1), where

S=Qc/2 is the effective spin per atom. The deduced value is 4.75 which is higher than the
expected value 3.5. This difference can be related to the presence of ferromagnetic clusters
above Curie temperature Tc [32]. The deduced values indicate that Qc/Qs is larger than 1 which
is a confirmation for the itinerant character of ferromagnetism in Pro.ssKo.05sS10.4MnO3
compound [30].

Conclusion

Summarizing, critical exponents for Pro.s5Ko.0sSr04aMnO3 compound have been investigated
by using critical isotherm modified Arrott plot and Kouvel-Fisher methods. The deduced
critical exponent values were found to be located between the 3D Heisenberg model and the
mean-field model. The variation of the relative slope RS (T) indicates that the mean field model
is the most convenient to calculate the critical exponent of Pro.55K0.05Sr0.4MnO3 compound. The
satisfaction to the scaling theory relation gives confidence on the reliability of the deduced
values. The range interaction ¢ value equal to 1.52(2) suggests that exchange integral J(r)
decays as r*? which is similar to r** characteristic for the mean field model with long range
spin interaction. By wusing Rhodes-Wohlfarth’s criterion, the itinerant character of
ferromagnetism in Pro.55K0.0sS10.4MnO3 compound is confirmed.
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Fig. 1. Temperature dependence of the in-phase AC magnetic susceptibility y’(T) under
magnetic field of 1 mT for ProssKoosSro4aMnO3; manganite. Inset shows same plot in
temperature range 285 K to 315 K.
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Fig. 2A-D: Modified Arrott plots isotherms: Mean-field model (f# = 0.5; y =1 and 0 = 3) (A):
the dashed line shows the Tc temperature, the dashed curve indicates the limit of high field
regime; 3D—Heisenberg (f = 0.365; y=1.336 and 0 = 4.80) (B), 3D-Ising (5 = 0.325; y=1.241
and 0 = 4.82) (C); and tricritical mean field theories (f = 0.25; y = 1 and 6 = 5) (D) for
Pro.55K0.0sSr0.4MnO3 manganite.
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Fig. 3. Relative slope (RS) for Pro.55K0.05Sr0.4MnO3 manganite as a function of temperature.
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Fig. 4. Spontaneous magnetization Msp and the inverse of the initial magnetic susceptibility
versus temperature for Pro.ssK0.0sSr04MnO3 manganite.
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Fig. 5. Isothermal M versus Hesr for Pro.ssKo.0sSro4aMnO3s manganite at T = 300 K and 303 K,
Inset show Log-log scale plot of the solid line is the linear fit following eq (3).
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Fig. 6. Kouvel-Fisher plots for the spontaneous magnetization Msp and the inverse of the initial
magnetic susceptibility for Pro.ssKo.0sSro4MnO3 manganite.
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Table 1. Critical parameters B, v, 6, n and Tc of Pro.55K0.05sS10.4MnO3 compound compared
with those of theoretical models and typical manganites. Abbreviation: MF: mean field, MAP:
modified Arrott plots; K-F: Kouvel-Fisher method; I-M: Isothermal magnetization.

Composition Method Tc B Y n o Reference
X)
Pr0.6Sr0.4MnO3 MAP 301 |0.365(4) | 1.309(3) | 0.62 | 4.586 9]
Pr0.55K0.05S10.4MnO3 MF ~303 | 0.44(4) | 1.04(1) | 0.61 | 3.34(5) This
K-F ~302 | 0.41(2) | 1.09 (1) | 0.60 | 3.64(2) work
Pr0.55S10.4sMnO3 I-M 292 0.449 1.113 | 0.65 - [8]
K-F 290 0.462 1.033 | 0.64 --
Pr0.5Sr0.sMnO3 MAP 261 | 04436) | 1.339(6) | 0.69 | 4.022(3) [30]
K-F 61 | O 1 1334(1) | 0.69 | 3.977(6)
Mean-field Theory -- 0.5 1 0.66 3 [10]
3D Heisenberg Theory -- 0.365 1.386 | 0.63 4.8 [10]
3D-Ising Theory -- 0.325 1.24 1056 | 4.82 [10]
Tricritical mean Theory -- 0.25 1 0.4 5 [22]
field
4 p-1

o=1+—, n=1+
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