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The critical behaviors of ferromagnet EugsSrosCo03 around Tc=140.5 K have been comprehensively
investigated by analyzing a series of isothermal magnetization M(H) curves. Both modified Arrott plot
and Kouvel-Fisher methods give nearly the same critical exponents, which scale nicely the M(H) curves
into two different branches below and above T¢. The exponents y = 1.044 and ¢ = 3.06 demonstrate the
relevance of mean-field characters for this material. The conclusion of mean-field behavior proves a dom-
inant itinerant ferromagnetism (FM) due to a long range exchange interaction in the system. Meanwhile,
by using Rhodes-Wohlfarth’s criterion [P. Rhodes, E.P. Wohlfarth, Proc. R. Soc. Lond. A 273 (1963) 247], it
is further confirmed that the itinerant FM dominates in the system.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite compounds have attracted considerable attention in
the past few decades due to their potential applications, such as
magnetic storage and magnetic refrigeration. Among them, perov-
skite cobaltites Ln;_,A,CoO3; (Ln=rare earth, A= alkaline earth)
have been focused in recent years [1-25]. Since the energy differ-
ence between t,; and e, levels is very small, the spin state of the Co
ions can be in low-spin, intermediate-spin, or high-spin state with
the application of external stimuli from temperature, composi-
tional doping, magnetic field, or pressure [1-11]. LnCoOs has a
low-spin Co®" at ground state as a nonmagnetic insulator. By
substituting Ln with alkaline earth ions like Ca or Sr, hole-rich fer-
romagnetic (FM) regions and hole-poor antiferromagnetic (AFM)
regions are generated and coexist in a microscopic scale, indicating
Ln,_,SryCoO3 is not a homogeneous ferromagnet [1-29]. This
microscopic inhomogeneity may cause the complex exchange
interaction, and thereby, the paramagnetic (PM) to FM phase
transition.

It is known that an analysis of the critical behaviors on a FM
transition is an effective way to understand the order of the tran-
sition and the intrinsic nature of a ferromagnet. An early study
on the critical behavior in La;_,Sr,CoO3 (0.2 < x < 0.3) by Mira
et al. [30] has shown that the critical exponent y is in accord with
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Heisenberg model while  is mean-field-like. A detailed analysis of
the critical behavior in single crystal Lagg7Srg33C003 has shown
that all the exponents values match well with the three-dimen-
sional (3D) Heisenberg values with nearest-neighbor interaction
[31]. In half-doped Lag 5Srg5C005, a previous study [32] of critical
exponents has suggested that ) value is close to 3D Ising value
whereas the exponent ¢ approximately equals to mean-field one.
Differently, Mukherjee et al. [33] have suggested that all the values
of critical exponents for the same composition correspond to Hei-
senberg class. Recently, Khan et al. [25] examined the critical
behavior in La;_,Sr,CoO3 (x=0.21 and 0.25) single crystals and
found a deviation of the critical exponents from Heisenberg to-
wards mean-field. Hence, in order to understand the nature of
the FM transition in this system, it is important to investigate
the critical exponents in various cobaltite compounds. To our
knowledge, the studies have been performed largely on lantha-
num-based cobaltites, whereas there are few reports on similar
compositions of other rare earth element (such as Nd, Sm, and
Eu) based cobaltites.

In this paper, we present a detailed investigation of the critical
behaviors in ferromagnet Eug 5Srg5C00s. It is found that the Eugs.
Srp5Co03 is in good accordance with the mean-field model, in
which the long-range exchange interaction dominates. This is dis-
tinctly different from that of LagsSrgsCo03, where the short range
Heisenberg model works. Based on the Rhodes-Wohlfarth’s crite-
rion [34], it is further proved that the itinerant FM dominates in
EugsSrg5Co0s. The dominant itinerant FM interaction would
enlarge the range of the exchange interaction, which may be
responsible for the mean-field behavior.
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2. Experiment

Polycrystalline sample of Eug sSro5Co03 was synthesized using the conventional
solid-state reaction method as described elsewhere [35]. It was confirmed in single
phase with cubic Pm3m space group by the powder X-ray diffraction (XRD), which
is consistent with reference code 00-053-0113 for EugsSro5Co03 from the previous
report [36]. For Lng5SrgsCo0s3 series, the reducing size of the Ln cation should lead
to stronger distortion from cubic to orthorhombic. As shown in Table 1 from the ref-
erence [36], it is true for Pr (monoclinic P2;/n), Nd (orthorhombic Pnma), and Sm
(orthorhombic Pnma), while for Eu, the symmetry (space group) is still cubic
(Pm3m). The magnetic measurements were performed on a commercial supercon-
ducting quantum interference device (SQUID) magnetometer (Quantum Design
MPMS). The sample for magnetic measurements was made in a slender ellipsoid
shape. All the magnetic data were collected with the field applied parallel to the
longest axis to minimize the demagnetization effect. The demagnetization factor
D can be determined from the slope of the low-field M(H,) data, yielding the inter-
nal field H; = H,—~4nDM. We compare the M(H) and Arrott plots for the raw data and
the amended data by subtracting the demagnetizing field contribution, and find the
demagnetizing field has little effect on the analysis below. The isothermal magne-
tizations were performed at 1 or 2 K interval over the temperature range from 125
to 150 K with field sweeping from 50 to 45 kOe. Before each magnetization mea-
surement, the sample was demagnetized and warmed to room temperature (well
above the Curie temperature T¢) for enough time and then cooled down to the tar-
get temperature so that all curves were initial magnetizing and started from the
same magnetization state.

3. Results and discussions

Fig. 1a shows the temperature variation of field cooled (FC)
magnetization M(T) for EugsSrgsCoOs; under magnetic fields of
0.01, 0.1 and 0.5T. It shows a PM-FM phase transition at T¢ =~ 140 K.
The Tcis estimated from the temperature dependence of the differ-
ential quotient of magnetization dM/dT, as shown in Fig. 1b, which
is consistent with previous reports [36,37]. And the value is
approximately in-line with T«(x) of Eu;_,Sr,CoO3 [37]. The dM/dT
vs. T curves exhibit symmetric peaks with full width at half maxi-
mum (Tpwum) of about 12 K at low magnetic field of 0.01T. As
shown in the left inset of Fig. 1b, Trwhywm increases almost linearly
with increasing applied field at a rate of about 28.6 + 0.7 K/T.
According to Khan et al. [25], the symmetric peak implies the high
quality and the crystalline nature of the samples. As shown in
Fig. 1b and its right inset, the minimum of dM/dT locates at T,
but the T¢ value is enhanced greatly with field at a rate of
~142+1.5K|T.

For a second order magnetic phase transition, the critical behav-
iors can be characterized using a set of critical exponents, f (asso-
ciated with the spontaneous magnetization Ms), y (associated with
the initial susceptibility xo) and § (associated with critical magne-
tization isotherm). The definitions of the exponents from magneti-
zation can be described as [38]:
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Fig. 1. The temperature dependence of (a) magnetization (left axis), H/M (right axis,
the solid line is fit to the Curie-Weiss law) and (b) dM/dT in FC mode under 0.01T,
0.1T and 0.5T field for Eug sSrosC00s. The insets of (b) show the field dependence of
Trwnm and Te.

where ¢ = (T-T¢)/T¢ denotes the reduced temperature, ho/Mg and D
are the critical amplitudes.

The Arrott plot (M? vs. H/M plot, i.e. =0.5 and 7 = 1) has been
shown in our previous paper [35]. According to the criterion pro-
posed by Banerjee [39,40], the positive slopes of the M? vs. H/M
plot suggest a second order transition in this system. Based on
the mean-field theory, the regular Arrott plot near the transition
should be a set of parallel lines in the high field regimes, and the
line at Tc should pass through the origin [41]. In the Arrott plot

_ B . .
M;s(T) = Mo(—¢)", £ <0, T <Tc (1) for the present case, all curves show nearly parallel lines in the
. high field regime, and the linear extrapolation from high field re-
Zo(T)" = (ho/Mo)¢’, >0, T>Tc (2)  gime to the intercepts yields the values of Mg(T,0) for T< Tc and
_ % 1(T,0) for T> T, respectively. Using Eqs. (1) and (2), the temper-
M=DHY’ ¢=0, T=Tc (3)  ature variation of Ms(T,0) and y3'(T,0) are plotted and fitted. The
Table 1
Derived critical exponents for Eug5Sro5Co03 with different theoretical models and other analogous compounds reported in literatures.
Composition Ref. Tc (K) B v S
Eug 5S1r95C005 (MAP) This work 140.67 £ 0.08 0.412 +£0.013 1.044 £ 0.019 3.53 (WSR)
Eug,5Sr05C003 (KEM) This work 140.53 + 0.05 0.415 + 0.002 1.044 + 0.004 3.51 (WSR)
Eug 5Sr95C003 (M(H)) This work 140 - - 3.06 +0.03
Tricritical mean-field [56] - 0.25 1.0 5.0
Mean-field [39] - 0.5 1.0 3.0
3D-Heisenberg [39] - 0.365 1.386 4,797
3D-Ising [39] - 0.325 124 4.82
LagsSro5C005 [33] ~223 0.321-0.365 1.336-1.351 4.39-4.66
[32] 2284 - 1.27 £0.02 3.05 +0.06

Abbreviations: MAP = modified Arrott plot; KFM = Kouvel-Fisher method; WSR = widom scaling relation.
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fitting results produce two new critical exponents as 8 and 7,
which are used to make the new modified Arrott plot. The proce-
dure is performed repeatedly until the values of § and y do not
change. The final Mg(T) and j5'(T) curves are shown in Fig. 2, which
gives two sets of critical exponents of $=0.412+0.013 with
Tc=140.49+0.12K and y=1.044+0.019 with T-=140.67
0.08 K.

Kouvel and Fisher [42] have also put forward an effective meth-
od (namely KF method) which can deduce the critical exponents T,
B and y:

Ms(T)  T-T,
T~ F @
L' T-Tc

dye'(T)/dT — y ®)

The KF method suggests that the temperature dependences of
Ms(T)/[dMs(T)/dT] and y5'(T)/[dyo'(T)/dT] should give straight
lines with slopes 1/ and 1/y, and intercept of Tc on T axis, respec-
tively. Using the values of Ms(T,0) and j;'(T,0) determined from
Arrott plot, the temperature variation of Ms(T)/[dMs(T)/dT] and
11 (T)/[dyg! (T)/dT] curves are plotted in Fig. 3. The KF linear fit-
ting gives the new exponents as f=0.415%0.002 with
Tc=140.53+0.05K and y=1.044+0.004 with T-=140.67+
0.02 K. These critical exponents obtained from the KF method
agree well with those obtained from the modified Arrott plot in
Fig. 2. The third exponent ¢ can be obtained by using the widom
scaling relation as [43]:

5=1+7/p (6)

It gives 6 = 3.53 from Fig. 2 and 351 from Fig. 3. Compared with
the values in 3D-Heisenberg, 3D-Ising and Tricritical mean-field
models, as shown in Table 1, both approach to the value (3.0) in
mean-field model.The deduced exponents can be tested with the
prediction of the scaling hypothesis as [39]:

M(H, e) = 'f. (H/&") 7)

where f; are regular functions with f, for T> Tcand f_ for T < Tc. The
scaling relation predicts that M(H, &)s* vs. He=#*?) should yield two
universally different curves, one for T> T¢ and the other for T < Tc.
Taking the values of g, y and T¢ from the KF method in Fig. 3, the
isothermal magnetizations around Tc~ 140K are plotted on a
log-log scale in Fig. 4. All the magnetization data fall into two
curves, one for T> T and the other for T < T. This result indicates
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Fig. 2. Temperature dependence of the spontaneous magnetization Ms(T, 0) and the

inverse initial susceptibility y,'(T) along with the fitting curves (solid lines) with
the help of power law due to Eqgs. (1) and (2).
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Fig. 3. KF plot for Mg(T) and y;'(T), solid lines are the linear fitting of the data.
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Fig. 4. Scaling plot below and above T¢ using exponents determined from the KF
method (only several typical curves are shown).

that the obtained critical exponents are intrinsic and in agreement
with the scaling hypothesis.

Fig. 5 shows the M(H) curves on a log-log scale near Tc. Based
on Eq. (3) and the obtained Tc values above, the M(H) curve at
140 K was selected as the critical isothermal magnetization. The
straight line with a slope of 1/5 in high field region gives
6=3.06+0.03. This is in excellent accord with the value of
0 =3.0 in mean-field model.
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Fig. 5. Isothermal M(H) plots in a log-log scale around T, the solid line is the linear
fitting following Eq. (3) at 140 K.
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For the ferromagnet Eug 5Srg5C00s, it is found that y = 1.044 and
6 = 3.06 approach mostly to the values in mean-field model (y = 1.0
and J =3.0) except that $=0.415 is a little smaller than that in
mean-field model (0.5) but close to that in 3D-Heisenberg model
(B =0.365). Actually, the value of g locates between the 3D-Heisen-
berg model and the mean-field model. Fig. 6a-c shows the modi-
fied Arrott plots with three different models as: the 3D-
Heisenberg model ($=0.365 and ¢y =1.386), 3D-Ising model
(B=0.325 and y = 1.24) and Tricritical mean-field model (8 =0.25
and y=1.0). It is found that all the three models yield quasi-
straight parallel lines in the high field regime, similar in mean-field
model reported previously [35]. In order to distinguish more
clearly and determine the most suitable model, the temperature

(a) 6000 - 3D-Heisenberg

B =0.365
4000
s
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0
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(HM)"™
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Fig. 6. Modified Arrott plots: (a) 3D-Heisenberg model (f=0.365, y =1.386), (b)
3D-ising model (B =0.325, y=1.24) and (c) tricritical mean-field model (g = 0.25,
v=1.0).

variation of relative slope RS(T) is plotted in Fig. 7. Here RS(T) is de-
fined as S(T)/S(T¢), S(T) is the slope of the quasi-straight line in the
high field region at T. Since 140K is closest to T¢ value, we select
S(140 K) as S(T¢). In the most ideal model, all RSs should be equal
to 1 because the ideal modified Arrott plot is a series of parallel
lines. As for EugsSrg5Co0s, the RSs in mean-field model approach
to the ideal value 1 best, while in the other three models the RSs
apparently deviate from 1. This fact suggests that the mean-field
model is the most suitable one to describe the critical phenomena
for Eug 5Srg5C00s.

A renormalization group analysis has suggested that the values
of the critical exponents depend on and reflect the range of the ex-
change interaction J(r) in a d dimension system with the form as
[44]:

Jr) ~ @ (®)

where r and o are the distance and the range of the exchange inter-
action. For a three dimension isotropic system (d = 3), it complies
with the 3D-Heisenberg model (= 0.365, y =1.386 and 6 = 4.797)
only if ¢ > 2, i.e., if J(r) decreases with “short-range” distance faster
than r~>. Whereas if ¢ < 3/2 the mean-field model (=0.5, y=1.0
and 6 =3.0) is valid, which indicates J(r) decreases with “long-
range” distance slower than r~*°. In the intermediate range 3/
2 < 0 <2,J(r) decays as r3*%), the system belongs to different clas-
ses with exponents taking intermediate values depending on ¢ va-
lue [44]. A renormalization group analysis [44,45] has suggested
that the exponent of y and the range of ¢ satisfy a mathematic rela-
tion as:

13 (52

8(n+2)(n—4) {1

1
20 26G4d)(7n +20)]
n

n—4)(n+38)

9)

where Ag = ¢ —1d and G(d) =3 —1(1d)* for the system with
dimensionality of lattice (d) and spin (n). In the present case, based
on 7y = 1.044 + 0.004 one can calculate ¢ = 1.568 + 0.001, which indi-
cates J(r) decays as r~4>7. Obviously, J(r) approaches to the mean-
field model, implying a “long range” spin interaction.

It is clear from above discussions that FM interaction in Eugs.
Srp5Co03 does not comply with the 3D short-range interaction
model. Generally, the intermediate range of the interaction could
be put down to either the long-range dipolar interaction [46-48]
or the long-range interaction between spins. The dipolar-FM can
be excluded in the EugsSrg5Co03 compound due to the apparent
deviation between the exponents listed in Table 1 and that for
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Fig. 7. The temperature variation of the relative slope RS [RS = S(T)/S(T¢)].
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dipolar-FM model [49]. So it is important to make clear the nature
of FM interaction in this system.

Generally, for transition ions in Lng 5SrgsCo0s3, the orbital angu-
lar momentum is assumed to be fully quenched by the crystal field
effect, which leaves a spin only moment. According to Rhodes-
Wohlfarth’s criterion [34], one can distinguish whether the nature
of the ferromagnetism is localized or itinerant based on the ratio of
qc/qs, where qc and gs are the values for the magneton numbers
calculated from the Curie-Weiss constant above T¢ and the satura-
tion magnetization Ms in low temperature, respectively. For the
localized FM, Ms equals to the fully aligned spin moment, giving
qc/qs=1. While for the itinerant FM, Ms is less than the fully
aligned spin moment, giving qc/qs > 1.

The qc can be determined from the effective PM moment
(Defy = 8Up+/S(S + 1), where S =qC/2 is the effective spin numbers
per atom, g is the Bohr magneton, and g ~ 2 is the Lande g-factor
for transition metals). For a reasonable analysis, the magnetic con-
tribution from the Eu>* should be eliminated before using the
Rhodes-Wobhlfarth’s criterion. We assume that the Eu®" ions are
free and paramagnetic. The effective moment for free Eu3* ion is
3.32 pp taken from Van Vleck [50]. The right axis of Fig. 1a shows
the Curie-Weiss linear behavior in high temperature PM regime
and yields Curie constant C=2.1 emuK/mol Oe. This gives
Per=4.1 1, S=1.61 and qc=3.22 including Eu®* contribution,
which are all higher than those in Lags5Srg5C003 (C=1.85 emu K/
mol Oe, pey=3.85 g, S = 1.49 and qc = 2.98) [15,16,32,51], possibly
due to the contribution from the high temperature PM response
from Eu®*. After subtracting the contribution from Eu®*,

(Pe)co = \/ (P2 ) bug 5510 5005 — 0-3 (D% )y the effective moment turns

out to be 3.36 g, giving S=1.253 and qc=2.506. As shown the
M(H) curves from the reference [35], compared with the large
FM contribution from Co ions, the magnetic contribution from
Eu?* is very small and can be neglected. So we take the magnetic
moment value at 5K in 1T field as the saturation moment Ms = gs.
Is, Where the magnetization increases steeply and just starts to
saturate. The gs value for EugsSrgsCo0Os is estimated to be 0.86,
which is much smaller than 1.79 in its counterpart LagsSrgsCo05
[16,32,33,52]. This indicates that EugsSrgsCoOs; has a different
magnetic exchange interaction from LagsSrosCoOs. The ratio of
qc/qs for EugsSrosCoOs can be determined to be 2.91 which is
much higher than 1, indicating itinerant FM behavior in Eug5Srgs.
Co0s. While for Lag 5Srg5C00s3 the ratio of q¢/gs is only 1.66 nearly
approaching to 1. Goodenough [53] has suggested a coexistence of
localized and itinerant d electrons in LaCoOs and LagsSrgsCoOs
systems, which has been experimentally established by Mdssbauer
study and theoretical calculation [15,54,55]. Therefore, it is reason-
able to conclude that, in (Ln Sr)CoO3; system, there exists a compe-
tition between localized and itinerant FM. The localized FM may
dominate in LagsSrgsCo03 leading to a short-range Heisenberg
spin interaction, while the itinerant FM dominates in EugsSrgs.
CoOs resulting in a long-range mean-field spin interaction. The
dominance of itinerant FM in EugsSrgsCo03 leads that the satura-
tion magnetization is weaker than that in LagsSrosCoOs; where
localized FM dominates. The dominant itinerant FM due to the long
range of the exchange interaction may lead that J(r) approaches to-
wards mean-field model. Furthermore, the field dependence of the
magnetization M(H) for EugsSrosCo0Os is weaker than that for
Lag 5Srg5C003, while it is still rather strong. This also demonstrates
that, the localized FM and itinerant FM coexist in the system but
the itinerant FM dominates.

4. Conclusion

In summary, the critical behaviors of EugsSrgsCo0O3; have been
comprehensively studied near the critical point T¢ using the

modified Arrott plot, Kouvel-Fisher method and critical isotherm
analysis. The critical exponents are calculated as f=0.415%
0.002, y=1.044 £ 0.004 and 6 =3.06 £ 0.03 as well as Tc~ 140 K.
The results indicate that the magnetic behaviors of EugsSrg5Co03
approach to the mean-field model rather than the Heisenberg
one. This proves that the itinerant FM dominates in the system
due to a long range exchange interaction, which is further tested
by the Rhodes-Wohlfarth’s criterion.

Acknowledgements

We wish to acknowledge financial supports from the State Key
Project of Fundamental Research of China (No. 2010CB923403), the
National Natural Science Foundation of China (No. 11004194), the
Natural Science Foundation of the Anhui Higher Education Institu-
tions of China (No. KJ2011Z318), Hefei Normal University Research
Funding (No. 2012kj02), China Postdoctoral Science Foundation
funded project (No. 2012M511428), and Anhui Provincial Natural
Science Foundation (No. 1208085QA17).

References

[1] K. Asai, O. Yokokura, N. Nishimori, H. Chou, J.M. Tranquada, G. Shirane, S.
Higuchi, Y. Okajima, K. Kohn, Phys. Rev. B 50 (1994) 3025.

[2] F. Fauth, E. Suard, V. Caignaert, Phys. Rev. B 65 (2001) 060401.

[3] K. Mydeen, P. Mandal, D. Prabhakaran, C.Q. Jin, Phys. Rev. B 80 (2009) 014421.

[4] L Fita, R. Szymczak, R. Puzniak, A. Wisniewski, I.0. Troyanchuk, D.V. Karpinsky,
V. Markovich, H. Szymczak, Phys. Rev. B 83 (2011) 064414.

[5] R. Caciuffo, D. Rinaldi, G. Barucca, J. Mira, J. Rivas, M.A. Sefiaris-Rodriguez, P.G.
Radaelli, D. Fiorani, John B. Goodenough, Phys. Rev. B 59 (1999) 1068.

[6] M.J.R. Hoch, P.L. Kuhns, W.G. Moulton, A.P. Reyes, J. Lu, J. Wu, C. Leighton, Phys.
Rev. B 70 (2004) 174443.

[7] M.M. Altarawneh, G.-W. Chern, N. Harrison, C.D. Batista, A. Uchida, M. Jaime,
D.G. Rickel, S.A. Crooker, C.H. Mielke, ].B. Betts, ].F. Mitchell, M.J.R. Hoch, Phys.
Rev. Lett. 109 (2012) 037201.

[8] RX.Smith, M.J.R. Hoch, W.G. Moulton, P.L. Kuhns, A.P. Reyes, G.S. Boebinger, H.
Zheng, ].F. Mitchell, Phys. Rev. B 86 (2012) 054428.

[9] Hosung Seo, Agham Posadas, Alexander A. Demkov, Phys. Rev. B 86 (2012)
014430.

[10] J. Herrero-Martin1, J.L. Garcia-Muiioz, K. Kvashnina, E. Gallo, G. Subias, J.A.
Alonso, AJ. Bar6n-Gonzalez, Phys. Rev. B 86 (2012) 125106.

[11] D. Phelan, Despina Louca, K. Kamazawa, S.-H. Lee, S.N. Ancona, S. Rosenkranz,
Y. Motome, M.F. Hundley, ].F. Mitchell, Y. Moritomo, Phys. Rev. Lett. 97 (2006)
235501.

[12] D.N.H. Nam, K. Jonason, P. Nordblad, N.V. Khiem, N.X. Phuc, Phys. Rev. B 59
(1999) 4189.

[13] D.N.H. Nam, R. Mathieu, P. Nordblad, N.V. Khiem, N.X. Phuc, Phys. Rev. B 62
(2000) 8989.

[14] C. Zobel, M. Kriener, D. Bruns, J. Baier, M. Griininger, T. Lorenz, P. Reutler, A.
Revcolevschi, Phys. Rev. B 66 (2002) 020402.

[15] P.M. Raccah, J.B. Goodenough, J. Appl. Phys. 39 (1968) 1209.

[16] M.A. Sefiaris-Rodriguez, ].B. Goodenough, J. Solid State Chem. 118 (1995) 323.

[17] R. Caciuffo, ]. Mira, J. Rivas, M.A. Sefiaris-Rodriguez, P.G. Radaelli, F. Carsughi,
D. Fiorani, J.B. Goodenough, Europhys. Lett. 45 (1999) 399.

[18] P.L. Kuhns, MJ.R. Hoch, W.G. Moulton, A.P. Reyes, ]. Wu, C. Leighton, Phys. Rev.
Lett. 91 (2003) 127202.

[19] MJ.R. Hoch, P.L. Kuhns, W.G. Moulton, A.P. Reyes, ]. Wu, C. Leighton, Phys. Rev.
B 69 (2004) 014425.

[20] Joseph E. Davies, ]J. Wu, C. Leighton, Kai Liu, Phys. Rev. B 72 (2005) 134419.

[21] D. Phelan, Despina Louca, S. Rosenkranz, S.-H. Lee, Y. Qiu, PJ. Chupas, R.
Osborn, H. Zheng, J.F. Mitchell, ].R.D. Copley, ].L. Sarrao, Y. Moritomo, Phys. Rev.
Lett. 96 (2006) 027201.

[22] V.V. Sikolenko, A.P. Sazonov, I.0. Troyanchuk, D. Tébbens, U. Zimmermann, E.V.
Pomjakushina, H. Szymczak, ]J. Phys.: Condens. Matter 16 (2004) 7313.

[23] C. He, S. Eisenberg, C. Jan, H. Zheng, J.F. Mitchell, C. Leighton, Phys. Rev. B 80
(2009) 214411.

[24] Despina Louca, J.L. Sarrao, Phys. Rev. Lett. 91 (2003) 155501.

[25] N.Khan, P. Mandal, K. Mydeen, D. Prabhakaran, Phys. Rev. B 85 (2012) 214419.

[26] S. Yamaguchi, Y. Okimoto, Y. Tokura, Phys. Rev. B 55 (1997) R8666.

[27] Kichizo Asai, Peter Gehring, Henry Chou, Gen Shirane, Phys. Rev. B 40 (1989)
10982.

[28] M.A. Korotin, S.Yu. Ezhov, LV. Solovyev, V.I. Anisimov, D.I. Khomskii, G.A.
Sawatzky, Phys. Rev. B 54 (1996) 5309.

[29] M.W. Haverkort, Z. Hu, ].C. Cezar, T. Burnus, H. Hartmann, M. Reuther, C. Zobel,
T. Lorenz, A. Tanaka, N.B. Brookes, H.H. Hsieh, H.-J. Lin, C.T. Chen, L.H. Tjeng,
Phys. Rev. Lett. 97 (2006) 176405.

[30] J. Mira, ]. Rivas, M. Vazquez, .M. Garcia-Beneytez, ]. Arcas, R.D. Sanchez, M.A.
Sefiaris-Rodriguez, Phys. Rev. B 59 (1999) 123.


http://refhub.elsevier.com/S0925-8388(13)01425-4/h0005
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0005
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0010
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0015
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0020
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0020
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0025
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0025
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0030
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0030
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0035
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0035
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0035
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0040
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0040
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0045
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0045
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0050
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0050
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0055
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0055
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0055
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0060
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0060
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0065
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0065
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0070
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0070
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0075
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0080
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0085
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0085
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0090
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0090
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0095
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0095
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0100
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0105
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0105
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0105
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0110
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0110
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0115
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0115
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0120
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0125
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0130
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0135
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0135
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0140
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0140
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0145
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0145
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0145
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0150
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0150

308 R. Li et al./Journal of Alloys and Compounds 577 (2013) 303-308

[31] N. Khan, A. Midya, K. Mydeen, P. Mandal, A. Loidl, D. Prabhakaran, Phys. Rev. B
82 (2010) 064422.

[32] N. Menyuk, P.M. Raccah, K. Dwight, Phys. Rev. 166 (1968) 510.

[33] S. Mukherjee, P. Raychaudhuri, A.K. Nigam, Phys. Rev. B 61 (2000) 8651.

[34] P. Rhodes, E.P. Wohlfarth, Proc. R. Soc. Lond. A 273 (1963) 247.

[35] Feng Li, Jun Fang, J. Magn. Magn. Mater. 324 (2012) 2664.

[36] K. Yoshii, H. Abe, A. Nakamura, Mater. Res. Bull. 36 (2001) 1447.

[37] K.H. Kim, T. Qian, Bog G. Kim, J. Appl. Phys. 102 (2007) 033910.

[38] M.E. Fisher, Rep. Prog. Phys. 30 (1967) 615.

[39] H. Eugene Stanley, Introduction to Phase Transitions and Critical Phenomena,
Oxford University Press, Ely House, London W. 1, 1971.

[40] B.K. Banerjee, Phys. Lett. 12 (1964) 16.

[41] Anthony Arrott, Phys. Rev. 108 (1957) 1394.

[42] James S. Kouvel, Michael E. Fisher, Phys. Rev. 136 (1964) A1626.

[43] B. Widom, J. Chem. Phys. 43 (1965) 3898;
J. Chem, Phys. 41 (1964) 1633.

[44] Michael E. Fisher, Shang-keng Ma, B.G. Nickel, Phys. Rev. Lett. 29 (1972) 917.

[45] A.K. Pramanik, A. Banerjee, Phys. Rev. B 79 (2009) 214426.

[46] Amnon Aharony, Michael E. Fisher, Phys. Rev. B 8 (1973) 3323.

[47] Alastair D. Bruce, Amnon Aharony, Phys. Rev. B 10 (1974) 2078.

[48] K. Ried, Y. Millev, M. Fihnle, H. Kronmiiller, Phys. Rev. B 51 (1995) 15229.

[49] S. Srinath, S.N. Kaul, M.-K. Sostarich, Phys. Rev. B 62 (2000) 11649.

[50] J.H. Van Vleck, The Theory of Electric and Magnetic Susceptibility, Oxford
University Press, London, 1932. p. 245.

[51] G.H. Jonker, J.H. Van Santen, Physica 19 (1953) 120.

[52] Masayuki Itoh, Ikuomi Natori, Satoshi Kubota, Kiyoichiro Motoya, ]. Phys. Soc.
Jpn. 63 (1994) 1486.

[53] John B. Goodenough, Mater. Res. Bull. 6 (1971) 967.

[54] V.G. Bhide, D.S. Rajoria, C.N.R. Rao, G. Rama Rao, V.G. Jadhao, Phys. Rev. B 12
(1975) 2832.

[55] P.Ravindran, H. Fjellvag, A. Kjekshus, P. Blaha, K. Schwarz, J. Luitz, J. Appl. Phys.
91 (2002) 291.

[56] D. Kim, B. Revaz, B.L. Zink, F. Hellman, ].J. Rhyne, J.F. Mitchell, Phys. Rev. Lett.
89 (2002) 227202.


http://refhub.elsevier.com/S0925-8388(13)01425-4/h0155
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0155
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0160
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0165
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0170
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0175
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0180
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0185
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0190
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0195
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0195
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0195
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0200
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0205
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0210
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0215
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0220
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0225
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0230
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0235
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0240
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0245
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0250
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0255
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0255
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0255
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0260
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0265
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0265
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0270
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0275
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0275
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0280
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0280
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0285
http://refhub.elsevier.com/S0925-8388(13)01425-4/h0285

	Dominant itinerant ferromagnetism in Eu0.5Sr0.5CoO3: Evidences  from both critical analysis and Rhodes-Wohlfarth’s criterion
	1 Introduction
	2 Experiment
	3 Results and discussions
	4 Conclusion
	Acknowledgements
	References


