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A B S T R A C T

We have studied the critical phenomena in a single crystal of a ferromagnetic manganite (Sm1−𝑥Nd𝑥)0.52Sr0.48
MnO3 with 𝑥 = 0.6, which is in the vicinity of a tricritical point (𝑥∗ ≈ 0.4), separating first-(𝑥<0.4) from
second-order (𝑥>0.4) phase transition. Through magnetization scaling analysis, we have determined the critical
exponents (𝛽 = 0.23 ± 0.01, 𝛾 = 1.30 ± 0.01, and 𝛿 = 6.63 ± 0.03) and critical amplitudes, which are also
in accordance with the results obtained from the magnetic field dependence of magnetic entropy change. The
exponents obey the scaling laws but they do not belong to any existing universality class − a clear violation
of universality hypothesis. The occurrence of such unusual critical behavior has qualitatively been explained
through mean-field theory, which reveals that for a system in the vicinity of tricritical point, the critical
exponents may substantially differ from conventional universality.

1. Introduction

Phase transitions play an important role for our fundamental under-
standing of condensed matter systems. They are traditionally classified
into first-order and second-order continuous transitions. The second-
order phase transition can be well understood in terms of critical
phenomena which refers to the thermodynamic properties of the system
near critical temperature 𝑇𝐶 . In the limit 𝑇 → 𝑇𝐶 , any thermody-
namic quantity can be decomposed into a regular part and singular
part. The nature of singularities in various measurable quantities at
critical point can be described through power laws, characterized by
a set of exponents, known as critical exponents, which determine
the qualitative nature of critical behavior of the given system [1–3].
The critical exponents of a transition, occurring in different physical
systems, are universal because of the fact that close to criticality,
the correlations among microscopic constituents of a system become
large enough to make structural details irrelevant [1–3]. This type of
phenomenological description is not only valid for a fixed critical point,
but can also be extended to the line of criticality as long as the idea
of universality is applicable [4–6]. The concept of universality does
not work at the tricritical point (TCP) which separates the first-order
line from the critical line [7–12]. At TCP, the usual scaling laws hold
with different set of exponents [8]. For an ideal thermodynamic system
undergoing second-order phase transition, one expects same critical
behavior belonging to any one of the universality classes at all points
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on the critical line and if there exist TCP, then tricritical behavior
is expected only at TCP, i.e., the character of the transition should
change discontinuously at TCP [8]. On the other hand, in real system,
if we are sufficiently far away from TCP (second-order side of TCP),
system should exhibit conventional phase transition but in the vicinity
of TCP, the second-order behavior may be overshadowed by tricritical
behavior.

The existence of TCP’s has been identified experimentally in vari-
ous kind of physical systems including several magnetic systems [13–
17]. Among a broad variety of such magnetic systems, colossal mag-
netoresistive manganites is a representative example. In manganites
RE1−𝑥AE𝑥MnO3 (RE: rare-earth ions, AE: alkaline-earth ions), the na-
ture of magnetoelectronic phases strongly depends on the effective
bandwidth of the system, which can be identified as average ionic ra-
dius of 𝐴-site cations [18–20]. It has been observed that ferromagnetic
(FM) manganites with large bandwidth [21] undergo conventional
second-order phase transition, whereas narrowband manganites [22]
with lower 𝑇𝐶 show evidences of strong first-order transition. By 𝐴−site
chemical substitution, the bandwidth of manganites can be controlled
and as a result various types of magnetic and electronic phases emerge
[23–25]. Both theoretical [26–28] as well as experimental [29–36]
works on manganites with various compositions have shown the doping
dependence change from first- to second-order FM to paramagnetic
(PM) phase transition as well as the existence of TCP. For example,
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TCP has been observed at 𝑧 = 0.4 for La1−𝑧Ca𝑧MnO3 [30], 𝑧 = 0.33 for
Nd1−𝑧Sr𝑧MnO3 [33] and 𝑧 = 0.1 for La0.7Ca0.3−𝑧Sr𝑧MnO3 [36]. All of
them exhibit tricritical mean-field behavior at TCP and in the second-
order side of TCP, they become conventional ferromagnet belonging to
mean-field/3D Heisenberg universality class.

In this paper, we have comprehensively described the critical be-
havior of a narrowband manganite (Sm1−𝑥Nd𝑥)0.52Sr0.48MnO3 with 𝑥
= 0.6. From the phase diagram of (Sm,Nd,Sr) manganite, it is clear
that the present composition 𝑥 = 0.6 is close to a TCP 𝑥∗ ≈ 0.4,
with a first-order FM-PM transition occurring for 𝑥 < 0.4 and a second
order transition for 𝑥 > 0.4 [35]. Using magnetization scaling analysis
combined with magnetocaloric data, we have determined the critical
exponents of (Sm0.4Nd0.6)0.52Sr0.48MnO3 (SNSMO) as 𝛽 = 0.23, 𝛾 =
1.30 and 𝛿 = 6.63, which are not at all consistent with existing
theoretical models. The unusual critical behavior of the present system
has been investigated using a phenomenological mean-field theory. Our
calculations based on Landau free energy model reveal that the non-
universal critical exponents may occur in a system which lies close
to a TCP. Here, we would like to mention that in a similar system
(Sm1−𝑥Nd𝑥)0.55Sr0.45MnO3, where Sr concentration differs slightly, TCP
has been observed at 𝑥∗ ≈ 0.33 [34] but no critical behavior has been
studied either at TCP or in the second-order side of TCP.

2. Experimental details

The single crystals of SNSMO were grown by floating zone tech-
nique under oxygen atmosphere [35]. The quality and the phase purity
of crystals were carefully checked by different techniques like x-Ray
powder diffraction, Laue diffraction, electron dispersive x-Ray analysis,
scanning electron microscope etc. With the help of a physical property
measurement system (Quantum Design), the dc magnetization measure-
ments were performed for a wide range of temperature and external
magnetic field. After stabilizing the temperature for about 30 min,
the data for 𝑀(𝐻) isotherms were collected. External magnetic field
was applied along the longest direction of the sample and data were
corrected for the demagnetization effect.

3. Results and discussions

Fig. 1(a) shows a set of 𝑀(𝐻) isotherms of SNSMO crystal in the
vicinity of 𝑇𝐶 ≈ 222 K, defined as the point where the temperature
derivative of magnetization shows minimum [inset of Fig. 1(a)]. To
understand the nature of FM to PM phase transition, one can check
the slope of Arrott plots (𝑀2 vs. 𝐻∕𝑀) [37]. If the slope of 𝑀2 vs.
𝐻∕𝑀 is negative then the transition is first-order and for a second-
order transition, the slope becomes positive. This criterion (commonly
known as Banerjee criterion [38]) has extensively been used in several
kind of magnetic systems to identify the order of FM transition [21,29–
33]. Here, the observed positive slope of 𝑀2 vs. 𝐻∕𝑀 isotherms of
SNSMO indicates that the FM transition is likely to be second-order.

The second-order FM to PM phase transition can be comprehen-
sively analyzed through critical behavior, which is characterized by a
set of critical exponents − 𝛽, 𝛾 and 𝛿, defined as [1–3]

𝑀𝑆 (0, 𝑇 ) =
[

𝑀𝑆 (0)
]

(−𝜀)𝛽 , 𝜀 < 0, (1)

𝜒0
−1(0, 𝑇 ) =

[

𝐻0
𝑀𝑆 (0)

]

(𝜀)𝛾 , 𝜀 > 0, (2)

𝑀(𝐻, 𝑇𝐶 ) = 𝐷(𝐻)1∕𝛿 , 𝜀 = 0, (3)

where 𝑀𝑆 , 𝜒0 and 𝜀 = (𝑇 −𝑇𝐶 )∕𝑇𝐶 are the spontaneous magnetization,
initial susceptibility and reduced temperature, respectively and 𝑀𝑆 (0),
𝐻0∕𝑀𝑆 (0), and 𝐷 are the critical amplitudes. The critical exponents
have different values for different universality classes but they do not
depend on spin quantum number (𝑠) within one universality. On the
other hand, critical amplitudes are dependent on both universality class

Fig. 1. (a) Magnetic field (𝐻) dependence of magnetization (𝑀) isotherms of
(Sm0.4Nd0.6)0.52Sr0.48MnO3 (SNSMO) single crystal between 210 K (top) and 235 K
(bottom) in 1 K interval (data with increasing field are shown). Inset shows temperature
dependence of 𝑀 and d𝑀/d𝑇 at 𝐻 = 100 Oe. (b) Arrott plot (𝑀2 vs. 𝐻/𝑀) of those
𝑀(𝐻) isotherms.

as well as 𝑠. In mean-field theory, the reduced amplitudes are given
by [39]

𝑀𝑆 (0)
𝑀0

=
[

10(𝑠 + 1)2

3(2𝑠2 + 2𝑠 + 1)

]1∕2

, (4)

𝜇𝑒𝑓𝑓𝐻0

𝑘𝐵𝑇𝐶
=
[

30𝑠2

(2𝑠2 + 2𝑠 + 1)

]1∕2
, (5)

𝑀𝑆 (0)𝛿

𝐻0𝐷𝛿 = 1, (6)

where 𝑀0 is the zero-temperature saturation magnetization, 𝜇𝑒𝑓𝑓 =
𝑔𝑠𝜇𝐵 is the magnetic moment of the fluctuating entity with electronic
𝑔-factor 𝑔 ≃ 2 and 𝜇𝐵 being the Bohr magneton.

To determine the critical exponents and 𝑇𝐶 , we used Arrott–Noakes
equation of state [37]
(𝐻
𝑀

)1∕𝛾
= 𝑎

(

𝑇 − 𝑇𝐶
𝑇𝐶

)

+ 𝑏𝑀1∕𝛽 , (7)

where 𝑎 and 𝑏 are constants. It is clear from Eq. (7) that, for proper
choice of 𝛽 and 𝛾, the isotherms of 𝑀1∕𝛽 vs. (𝐻∕𝑀)1∕𝛾 (known as
modified Arrott plot) form a set of parallel straight lines and the critical
isotherm (𝑇 = 𝑇𝐶 ) passes through the origin. Four kind of critical
exponents belonging to 3D-Heisenberg model, 3D-Ising model, 3D-
XY model and tricritical mean-field model are used to construct the
modified Arrott plots [𝑀1∕𝛽 vs. (𝐻∕𝑀)1∕𝛾] and two of them are dis-
played in Fig. 2(a) and (b). All of the constructions show quasi straight
line in the high field region, but there are considerable curvatures in
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Fig. 2. Modified Arrott plot [𝑀1∕𝛽 vs. (𝐻∕𝑀)1∕𝛾 ] isotherms (214 K≤ 𝑇 ≤ 230 K in 1 K interval) using (a) 𝛽 = 0.365 and 𝛾 = 1.386 (3D-Heisenberg model), (b) 𝛽 = 0.325 and
𝛾 = 1.24 (3D-Ising model), (c) 𝛽 = 0.23 and 𝛾 = 1.30 (optimized plot after the iteration procedure). (d) Temperature dependence of normalized slope NS = 𝑔(𝑇 )∕𝑔(𝑇𝐶 ), where
𝑔(𝑇 ) = 𝑑𝑀1∕𝛽∕𝑑(𝐻∕𝑀)1∕𝛾 .

the low field regime. Therefore, these models are not being able to
explain the critical phenomena associated with FM-PM phase transition
in SNSMO. The precise values of 𝛽 and 𝛾 should be obtained by the
iteration method and following such prescription, we have achieved
the convergence in fitting for 𝛽 = 0.23 and 𝛾 = 1.30 which is shown in
Fig. 2(c). For the correct values of 𝛽 and 𝛾, modified Arrott plot should
be a series of parallel straight lines with slope

𝑔(𝑇 ) = 𝑑𝑀1∕𝛽

𝑑(𝐻∕𝑀)1∕𝛾
. (8)

The normalized slope (NS) is defined as [40]

𝑁𝑆 =
𝑔(𝑇 )
𝑔(𝑇𝐶 )

, (9)

whose ideal value is 1 for all temperatures around 𝑇𝐶 . Fig. 2(d) exhibits
NS vs. 𝑇 for 3D Heisenberg and 3D Ising models, and for (𝛽 = 0.23, 𝛾 =
1.30). It is clear from figure that NS for (𝛽 = 0.23, 𝛾 = 1.30) is close to
its ideal value 1. For these values of 𝛽 and 𝛾, the isotherms for 𝑇 = 222
K and 223 K pass through just above and below the origin, respectively,
suggesting 𝑇𝐶 ≈ 222.5 K. Moreover, the intersections of these isotherms
for 𝑇 < 𝑇𝐶 on 𝑀1∕𝛽 axis and for 𝑇 > 𝑇𝐶 on (𝐻∕𝑀)1∕𝛾 axis give
the values of 𝑀𝑆 and 𝜒0

−1, respectively. The temperature dependence
of 𝑀𝑆 and 1∕𝜒0 are shown in Fig. 3(a) and (b), respectively. As 𝑇
approaches towards 𝑇𝐶 , both 𝑀𝑆 and 1∕𝜒0 go towards zero. The power-
law fit to 𝑀𝑆 and 1∕𝜒0 according to the Eqs. (1) and (2), respectively
gives 𝛽 = 0.22 ± 0.02 with 𝑇𝐶 = 222.5 ± 0.2 K and 𝑀𝑆 (0) = 95 ± 1
emu/g and 𝛾 = 1.31 ± 0.03 with 𝑇𝐶 = 222.4 ± 0.2 K and 𝐻0∕𝑀𝑆 (0)
= 14480 ± 8 Oe g/emu, respectively. In order to obtain more precise
values of 𝛽 and 𝛾, we plot log(𝑀𝑆 ) vs. log|𝜀| and log(1∕𝜒0) vs. log|𝜀|
as shown in the insets of Fig. 3(a) and (b), respectively. The slopes of
log–log plot yield 𝛽 = 0.23 ± 0.01 and 𝛾 = 1.30 ± 0.01.

Another critical exponent 𝛿 can be determined from 𝑀(𝐻) isotherm
at 𝑇 = 𝑇𝐶 according to Eq. (3). As the critical isotherm (𝑇𝐶 = 222.5 K)
lies between 222 K and 223 K, we have done the polynomial fitting

in those two 𝑀(𝐻) isotherms and obtained 𝛿 = 6.94 ± 0.03 with 𝐷
= 11.63 emu g−1 Oe−(1∕𝛿) and 𝛿 = 6.43 ± 0.02 with 𝐷 = 10.22 emu
g−1 Oe−(1∕𝛿), respectively as shown in Fig. 4. 𝛿 can also be calculated
from log𝑀 vs. log𝐻 at 𝑇𝐶 . According to Eq. (3), this plot should yield a
straight line with a slope 1∕𝛿. The linear fit to 222 K and 223 K 𝑀(𝐻)
isotherms give 𝛿 = 6.95 ± 0.04 and 6.31 ± 0.02, respectively (inset
of Fig. 4). Interpolating we obtain 𝛿 = 6.63 and 𝐷 = 10.92 emu g−1

Oe−(1∕𝛿). The critical indices 𝛽, 𝛾 and 𝛿 are not independent to each
other, rather they are related via Widom scaling relation [1–3]

𝛿 = 1 +
𝛾
𝛽
. (10)

Substituting the estimated values of 𝛽 (= 0.23) and 𝛾 (= 1.30) in
Eq. (10), we obtain 𝛿 = 6.65, which is very close to 𝛿 (6.63) calculated
from the critical isotherm.

In the critical regime, the temperature and field dependence of
magnetization follows universal scaling equation of the form [1–3]

𝑀(𝐻, 𝜀) = |𝜀|𝛽𝑓±

[

𝐻
|𝜀|(𝛾+𝛽)

]

, (11)

where 𝑓+ is for 𝑇 > 𝑇𝐶 and 𝑓− is for 𝑇 < 𝑇𝐶 . The most important
feature of Eq. (11) is that, instead of being the relationship among
three variables 𝑀 , 𝐻 and 𝜀, it is now a relationship between two
variables only, viz. 𝑀|𝜀|−𝛽 and 𝐻|𝜀|−(𝛾+𝛽). Thus by plotting 𝑀|𝜀|−𝛽 vs.
𝐻|𝜀|−(𝛾+𝛽), one can expect that all the data points for 𝑇 > 𝑇𝐶 should
fall on a curve described by the function 𝑓+, whereas the data points
for 𝑇 < 𝑇𝐶 should be on another curve characterized by 𝑓−. Using 𝛽 =
0.23, 𝛾 = 1.30, and 𝑇𝐶 = 222.5 K, we have plotted 𝑀|𝜀|−𝛽 vs. 𝐻|𝜀|−(𝛾+𝛽)

for SNSMO as shown in Fig. 5(a). The inset of Fig. 5(a) shows the same
result on a log–log scale. It is clear from the figure that the scaling
equation of state, as expressed in Eq. (11), is perfectly obeyed in the
present system. Eq. (11) can alternatively be expressed as

𝑀(𝐻, 𝜀)
𝐻1∕𝛿

= 𝐹
[

𝜀
𝐻1∕(𝛽+𝛾)

]

, (12)
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Fig. 3. (a) Temperature dependence of spontaneous magnetization (𝑀𝑆 ). The symbol
and line represent 𝑀𝑆 and the best-fit curve according to Eq. (1), respectively. Inset
shows log(𝑀𝑆 ) vs. log(|𝜀|) with 𝑇𝐶 = 222.5 K. (b) Initial inverse susceptibility (1∕𝜒0)
vs. 𝑇 . The symbol and line represent 1∕𝜒0 and the best-fit curve according to Eq. (2),
respectively. Inset shows log(1∕𝜒0) vs. log(|𝜀|).

Fig. 4. 𝑀−𝐻 curves for temperatures just above (223 K) and below (222 K) 𝑇𝐶 (222.5
K). Symbols: Data points; lines: best-fit curves from Eq. (3). Inset shows log–log plot
of 𝑀(𝐻) isotherms for 222 K and 223 K.

where 𝐹 is the scaling function. Fig. 5(b) shows 𝑀𝐻−1∕𝛿 vs. 𝜀𝐻−1∕(𝛽+𝛾)

for SNSMO, where all the data points both for 𝑇 > 𝑇𝐶 and 𝑇 < 𝑇𝐶

collapse onto a single curve. The validity of the scaling equations

confirms the reliability of the obtained critical indices and 𝑇𝐶 .

Fig. 5. (a) Scaling plots below and above 𝑇𝐶 according to Eq. (11). The different
symbols represent different temperatures. Inset shows the same plot in log–log scale,
indicating two universal curves below and above 𝑇𝐶 . (b) The rescaling of 𝑀(𝐻)
isotherms by 𝑀𝐻−1∕𝛿 vs. 𝜀𝐻−1∕(𝛽+𝛾) according to Eq. (12). Here we use 𝛽 = 0.23
𝛾 = 1.30 and 𝛿 = 6.63.

Fig. 6. 𝐻 dependence of magnetic entropy change (𝛥𝑆𝑀 ) of SNSMO for different
temperatures. Symbols: Data points; lines: best-fit curves from Eq. (14). Inset shows
the temperature dependence of the parameter 𝑛, characterizing the field dependence
of 𝛥𝑆𝑀 .

Beside the magnetization scaling analysis, we have also calculated
critical exponents from the magnetic field dependence of magnetic
entropy change (𝛥𝑆𝑀 ), which is commonly known as magnetocaloric
effect. An initial attempt was made by Oesterreicher and Parker to ex-
plain the magnetic field dependence of 𝛥𝑆𝑀 . They proposed a universal
relation, which is given by [41]

𝛥𝑆𝑀 (𝑇𝐶 ,𝐻) ∝ 𝐻2∕3. (13)
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Table 1
Comparison of critical exponents and critical amplitudes of (Sm0.4Nd0.6)0.52Sr0.48MnO3
(𝑇𝐶 = 222.5 ± 0.3 K) with that predicted by various theoretical models for a range
of spin (𝑠) values [1–3,39,47]. ⟨𝑠⟩ is the average spin value of the present compound,
deduced from the low-temperature saturation magnetization. In mean field model, the
reduced critical amplitudes for 𝑠 = ⟨𝑠⟩ have been calculated using Eqs. (4) to (6).

Critical exponents

Material 𝛽 𝛾 𝛿

(Sm0.4Nd0.6)0.52Sr0.48MnO3 0.23 ± 0.01 1.30 ± 0.01 6.63 ± 0.1
Mean-field model 0.5 1.0 3.0
3D Heisenberg model 0.365 1.386 4.8
3D Ising model 0.325 1.241 4.82
3D XY model 0.346 1.316 4.81
Tricritical mean-field model 0.25 1.0 5.0

Reduced critical amplitudes

Material 𝑀𝑆 (0)
𝑀0

𝜇𝑒𝑓𝑓𝐻0

𝑘𝐵𝑇𝐶

𝐷−𝛿𝑀𝑆 (0)𝛿

𝐻0

(Sm0.4Nd0.6)0.52Sr0.48MnO3 1.10 1.42 1.24
Fcc Heisenberg model
𝑠 = 1∕2 1.69 1.58 1.55
𝑠 = ∞ 1.22–1.44 1.23–2.07
Fcc Ising model
𝑠 = 1∕2 1.49 1.52 1.88
𝑠 = 3∕2 1.31
Mean field model
𝑠 = 1∕2 1.73 1.73 1
𝑠 = ⟨𝑠⟩ = 1.71 1.54 2.92 1

However, subsequent experimental observations have revealed that the
value of power-law exponent widely differs from 2/3. By considering
Arrott–Noakes equation of state, as discussed in Eq. (7), Franco have
shown that 𝛥𝑆𝑀 (𝑇𝐶 ,𝐻) can be expressed as [42]

𝛥𝑆𝑀 (𝑇𝐶 ,𝐻) ∝ 𝐻𝑛, (14)

where

𝑛 = 1 +
𝛽 − 1
𝛽 + 𝛾

. (15)

From Eq. (15), it is clear that 𝑛 becomes 2/3, as predicted by Oesterre-
icher and Parker, for mean-field universality class (𝛽 = 0.5, 𝛾 = 1.0 and
𝛿 = 3.0). To check the validity of Eq. (14), we have calculated 𝛥𝑆𝑀 by
using Maxwell relation [43]

𝛥𝑆𝑀 (𝑇 ,𝐻) = 𝑆𝑀 (𝑇 ,𝐻) − 𝑆𝑀 (𝑇 , 0) = ∫

𝐻

0

( 𝜕𝑀
𝜕𝑇

)

𝐻
𝑑𝐻. (16)

Fig. 6 presents 𝛥𝑆𝑀 of SNSMO crystal as a function of 𝐻 for different
temperatures around 𝑇𝐶 . All 𝛥𝑆𝑀 (𝐻) isotherms follow 𝐻𝑛 power law
behavior with different values of 𝑛. At 𝑇 = 𝑇𝐶 (222.5 K), 𝑛 becomes
minimum and its value is 0.51 as shown in the inset of Fig. 6. Sub-
stituting 𝛽 = 0.23 and 𝛾 = 1.30 (as calculated from magnetization
scaling analysis) in Eq. (15), we obtain 𝑛 = 0.49, which is in remarkable
agreement with experimental value (𝑛 = 0.51 ± 0.01), indicating that
the values of critical exponents are unambiguous and self-consistent.
It may be mentioned that such kind analysis has extensively been
used in several systems to identify the critical exponents of FM phase
transition [42,44–46].

Beside estimating the critical exponents, we have also calculated
the reduced critical amplitudes. The value of 𝑀0 estimated from low-
temperature (5 K) saturation magnetization is 86.4 emu/g. Using the
estimated values of critical amplitudes [𝑀𝑆 (0), 𝐻0∕𝑀𝑆 (0), and 𝐷] and
𝑀0, we have calculated the reduced critical amplitudes [39,47]. The
critical exponents and reduced critical amplitudes are listed in Table 1
for comparison with those predicted by different theoretical models.
From Table 1, it is clear that both critical exponents and reduced critical
amplitudes of SNSMO are far away from the existing universality
classes, suggesting that the FM transition is non-conventional.

We believe that the unconventional critical behavior in SNSMO is
probably be originated due to the close presence of TCP at 𝑥∗ ≈ 0.4,
which can qualitatively be explained through mean field theory. Within

Fig. 7. Phase diagram for the free energy [as described in Eq. (17)] in the absence of
external magnetic field. The solid line is for second-order phase transition while dotted
line represents first-order transition. The point (𝑟 = 0, 𝑏 = 0) is a tricritical point.

mean field approximation, the free energy density (𝑓 ) in presence of
external 𝐻 can be written as [1–3]

𝑓 = 1
2
𝑟𝑚2 + 1

4
𝑏𝑚4 + 1

6
𝑐𝑚6 − 𝑚𝐻

𝑘𝑇
, (17)

where 𝑚 is the magnetization density. For 𝐻 = 0, the up-down sym-
metry of the system requires that the expansion of 𝑓 should contain
only even powers of 𝑚. In Eq. (17), 𝑟 = 𝑎(𝑇 − 𝑇 ∗), where 𝑎 > 0 and
𝑇 ∗ is the virtual transition temperature. For simplicity, we take 𝑐 to
be a fixed positive constant; but both 𝑟 and 𝑏 are variable parameters.
For definiteness, one can think 𝑏 can be functions of external pressure,
chemical substitution etc. In the absence of external 𝐻 , the system
undergoes a second-order phase transition at 𝑟𝑐 = 0 for 𝑏 > 0. On the
other hand, if 𝑏 < 0, the transition becomes first-order and the first-
order transition temperature can be determined from the conditions
𝑓 = 0 and (𝜕𝑓∕𝜕𝜙) = 0. This leads to

𝑟𝑐 = 𝑎(𝑇𝐶 − 𝑇 ∗) =

⎧

⎪

⎨

⎪

⎩

0 if 𝑏 > 0;
(

3
16

)

|𝑏|2∕𝑐 if 𝑏 < 0.
(18)

In the absence of external field, the phase diagram of the 𝑚6 model
in the 𝑟 − 𝑏 plane is shown in Fig. 7. The line of second-order phase
transition for 𝑏 > 0 meets the line of first-order transition at a tricritical
point, (𝑟, 𝑏) = (0, 0).

In the vicinity of phase transition, 𝑚 ≪ 1, i.e., 𝑚6 ≪ 𝑚4 and if 𝑏 > 0
in such a way that 𝑐𝑚6 ≪ 𝑏𝑚4 then sixth order term can be neglected
from the expression of 𝑓 , and hence 𝑓 becomes

𝑓 = 1
2
𝑟𝑚2 + 1

4
𝑏𝑚4 − 𝑚𝐻

𝑘𝑇
, (19)

where 𝑟 = 𝑎(𝑇 − 𝑇 ∗) = 𝑎(𝑇 − 𝑇𝐶 ). The minimization of Eq. (19) gives

𝑟𝑚 + 𝑏𝑚3 − 𝐻
𝑘𝑇

= 0 (20)

For 𝐻 = 0, the solutions are

𝑚(0, 𝑇 ) =

{

0 if 𝑇 > 𝑇𝐶 ;
±
√

(−𝑟∕𝑏) = ±
√

𝑎∕𝑏 (𝑇𝐶 − 𝑇 )1∕2 if 𝑇 < 𝑇𝐶 .
(21)

Thus a mean-field theory predicts a second-order phase transition with
critical exponent 𝛽 = 1∕2. To calculate susceptibility, we differentiate
Eq. (19) with respect to 𝐻 , obtaining

𝜒(0, 𝑇 ) =

{

(1∕𝑘𝑇 𝑎) (𝑇 − 𝑇𝐶 )−1 if 𝑇 > 𝑇𝐶 ;
(1∕2𝑘𝑇 𝑎) |𝑇 − 𝑇𝐶 |

−1 if 𝑇 < 𝑇𝐶 .
(22)
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This implies that susceptibility exponent 𝛾 = 1. Finally, one can find
another exponent 𝛿 by setting 𝑇 = 𝑇𝐶 in Eq. (20), which gives

𝑚(𝐻, 𝑇𝐶 ) = (1∕𝑘𝑇𝐶𝑏)1∕3 𝐻1∕3, 𝛿 = 3. (23)

Therefore, mean-field critical exponents associated with second-order
magnetic phase transition are (𝛽 = 1/2, 𝛾 = 1 and 𝛿 = 3). Similarly,
one can calculate the exponents for tricritical point by setting 𝑏 = 0,
for which 𝑓 becomes

𝑓 = 1
2
𝑟𝑚2 + 1

6
𝑐𝑚6 − 𝑚𝐻

𝑘𝑇
. (24)

Here 𝑚6 term is required to maintain stability. The tricritical mean-field
exponents are (𝛽 = 1/4, 𝛾 = 1 and 𝛿 = 5).

Let us check the critical behavior of a system which lies on the
line of second-order transition but in the immediate vicinity of TCP. To
explain such situation through free energy model, one can take 𝑏 as a
small positive number in such a way that the value of 𝑏𝑚4 is comparable
with 𝑐𝑚6, although 𝑚 ≪ 1 in the vicinity of transition. Therefore, both
fourth and sixth order terms are to be kept in the expression of 𝑓 , which
takes the form as shown in Eq. (17). The minimization of Eq. (17) gives

𝑟𝑚 + 𝑏𝑚3 + 𝑐𝑚5 − 𝐻
𝑘𝑇

= 0. (25)

For 𝐻 = 0, the above equation becomes

𝑟𝑚+ 𝑏𝑚3 + 𝑐𝑚5 = 0; 𝑎(𝑇 − 𝑇𝐶 )𝑚(0, 𝑇 ) + 𝑏𝑚3(0, 𝑇 ) + 𝑐𝑚5(0, 𝑇 ) = 0. (26)

The complete solution of Eq. (26) gives 𝑚 for different values of 𝑇
which we have done numerically. For the parameter values 𝑎 = 1.0,
𝑏 = 1.0, 𝑐 = 8.0, we have obtained the critical exponents as 𝛽 =
0.32, 𝛾 = 1.0, and 𝛿 = 4.21, which are not consistent with mean-field
universality class [48]. For large positive values of 𝑏, the exponents are
come out to be mean-field exponents. This indicates that if the studied
system is sufficiently far away from TCP (second-order side of TCP,
i.e. 𝑏 > 0), it should undergo second-order phase transition. But, if the
system is close to TCP, not exactly at TCP, then it behaves neither like
tricritical nor like mean-field class and the associated critical exponents
are non-universal, modified due to the presence of TCP.

4. Conclusions

In conclusion, we have made a comprehensive study of critical
behavior associated with second-order ferromagnetic to paramagnetic
phase transition in a single crystal of (Sm1−𝑥Nd𝑥)0.52Sr0.48MnO3 with
𝑥 = 0.6. The critical exponents (𝛽 = 0.23 ± 0.01, 𝛾 = 1.30 ± 0.01,
and 𝛿 = 6.63 ± 0.03) and critical amplitudes, estimated from standard
scaling analysis, are far from any conventional universality class, but
the striking point is that using those exponents, magnetization data
both below and above 𝑇𝐶 (222.5 ± 0.3 K) can be collapsed perfectly
following a single equation of state. Based on mean-field theory, we
argue that the unconventional critical behavior of the present system
may occur due to the close presence of tricritical point at 𝑥∗ ≈ 0.4,
Which separates first-(𝑥 < 0.4) from second-order (𝑥 > 0.4) phase
transition.
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