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a b s t r a c t

We report on the magnetic field (H) and hydrostatic pressure (P) dependence of the order of the
ferromagnetic (FM) to paramagnetic phase transition in a Sm0.55(Sr0.5Ca0.5)0.45MnO3 single crystal.
At ambient condition, the system exhibits a first-order FM transition at TC � 82 K (in heating cycle) with
strong thermal hysteresis (�13 K). The application of external H and P increases TC, suppresses the
hysteresis width, and thus weakens the first-order nature of the transition. Our analysis reveals that the
hysteresis vanishes and the first-order FM transition becomes a crossover above a critical magnetic field
Hcr � 11:5 T. The value of Hcr is highest among the manganite family, although the first-order nature of
the FM transition is believed to be strongest in Eu1�xSrxMnO3 ðx� 0:45Þ.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite manganites RE1�xAExMnO3 (RE: rare-earth ions, AE:
alkaline-earth ions) have attracted much research interest,
because of their several fascinating phenomena such as colossal
magnetoresistance, electroresistance, piezoresistance, large mag-
netocaloric effect, charge–orbital ordering, phase separation,
metal–insulator transition (MIT), and first-order ferromagnetic
(FM) to paramagnetic (PM) phase transition [1–12]. For mixed
valance manganites, the nature of the phase is mainly determined
by the transfer interaction of eg conduction electron between the
neighboring Mn sites, i.e., the effective one-electron band-width,
which can be tuned by a crystal lattice distortion in terms of the
average A-site cation radius, 〈rA〉¼∑ixiri, where xi and ri are
respectively the fractional occupancies and effective ionic radii of
A-site cations. Other than band-width, the size mismatch between
RE and AE cations, generally termed as quenched disorder (QD),
also plays an important role in determining the properties of
manganites. The magnitude of QD can be evaluated by the A-site
cation size variance, which is given by s2 ¼ 〈r2A〉� 〈rA〉2 ¼∑ixir2i �
ð∑ixiriÞ2 [13]. From the electronic phase diagram of various
RE1� xAExMnO3 crystals in the plane of 〈rA〉 and s2, it is clear that
the system with RE¼Sm and AE¼Sr can be considered as a
narrowband manganite with relatively large QD [7]. The phase
diagram of Sm1� xSrxMnO3 ð0:3oxo0:6Þ shows that the system

has a multicritical point close to half doping, where three phases FM
metal ðxr0:48Þ, charge–orbital ordered insulator (x¼0.49 and 0.5),
and A-type antiferromagnetic non-metal ðxZ0:51Þ compete with
each other [14,15]. Such a system, which is in the vicinity of a critical
point may change its physical properties enormously even under a
weak perturbation. Several studies on Sm1� xSrxMnO3 ðx¼ 0:45
–0:48Þ have shown that FM metal to PM insulator transition in this
system is first-order in nature. The application of both external
[such as magnetic field (H) and uniaxial/hydrostatic pressure (P)]
and internal [such as A-site/B-site substitution or oxygen isotope
exchange] perturbations affects the transition significantly [15–28].
The bandwidth and hence the ferromagnetic interaction in
Sm1�xSrxMnO3 can be reduced further by the partial substitution
of smaller cation Ca2þ in place of Sr2þ and, as a result, the
competitive interactions, such as electron–lattice coupling, antifer-
romagnetic interaction between t2g spins, and charge/orbital order-
ing, become comparable with FM double exchange interaction and
the subtle balance between these interactions can result in unusual
magnetoelectronic behaviors.

In this paper, we present the nature of FM to PM phase transition
in Sm1� xðSr1�yCayÞxMnO3 (x¼0.45 and y¼0.5) both at ambient
condition as well as in the presence of external H and P. From the
magnetic phase diagram of Sm0:55ðSr1�yCayÞ0:45MnO3 ð0ryr1Þ,
it is clear that with increasing y, FM transition temperature (TC)
decreases almost linearly up to y� 0:6 and just above that the
system becomes charge ordered insulator [7]. So the present
system, Sm0.55(Sr0.5Ca0.5)0.45MnO3 (SSCMO) lies in the border of
two multicritical points: one is with respect to x and another is
with respect to y and hence SSCMO is expected to be highly
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susceptible to perturbations. Indeed, our analysis reveals that FM
transition in SSCMO is strongly first-order and the application of
external H and P increases the TC and suppresses the first order
nature of the transition. The value of the critical magnetic field
(Hcr) at which the first-order FM transition becomes a crossover is
�11.5 T, which is highest among the manganite family.

2. Experimental details

Single crystals of Sm0.55(Sr0.5Ca0.5)0.45MnO3 were grown by the
floating zone technique under oxygen atmosphere [29]. Phase
purity was checked by the powder X-ray diffraction (XRD) method
with Cu Kα radiation in a high resolution Rigaku TTRAX II
diffractometer. We have not observed any impurity phase within
the resolution (�2%) of XRD. All the peaks in the diffraction
pattern were fitted well to an orthorhombic structure with Pbnm
space group using the Rietveld method with an acceptance factor
RBragg (%)¼1.33 and global χ2¼3.32 (Fig. 1). The lattice parameters
obtained from the Rietveld refinements are a¼5.4085 Å,
b¼5.4061 Å, and c¼7.6179 Å. The orientation of the crystal was
determined from the position of the spots in the Laue pattern
[Fig. 2] by indexing them using the Greninger chart. The crystal
was also checked by a scanning electron microscope and an optical
polarizing microscope, which reveal high quality surface of the
crystal with a single domain. The crystal final composition
determined by energy dispersive x-ray analysis is found to be
close to the nominal composition. Another important measure-
ment of crystal perfection in manganites is the ratio of the peak
resistivity to the residual resistivity at low temperature, which is
quite large ð � 3� 106Þ in the studied crystal. The electrical
resistivity was measured by a standard four-probe technique.
The magnetization measurements at ambient condition and in
the presence of hydrostatic pressure were performed by using the

vibrating sample magnetometer module of a physical properties
measurement system (Quantum Design) in fields up to 9 T.
Magnetic field was applied only along the longest direction of
the sample which is the (111) crystallographic direction. A clamp
type miniature hydrostatic pressure cell (M Cell of Easylab, UK)
made of non-magnetic Cu–Be alloy was used for the high-pressure
magnetization measurements. A mixture of flourinert 70 and
flourinert 77 was used as a pressure transmitting medium. The
value of hydrostatic pressure was estimated from the shift of the
superconducting critical temperature of pure Sn with applied
pressure.

3. Experimental results

Fig. 3(a) shows the temperature dependence of dc magnetiza-
tion (M) of SSCMO single crystal at H¼100 Oe. M shows a sharp
change at TC along with thermal hysteresis. The presence of
hysteresis in MðTÞ means that the system possesses two ambient
TC, whose values are �82 K and �69 K for heating and cooling
cycles, respectively. The inverse dc susceptibility (χ�1¼H/M) curve
obtained from T dependence of M is displayed in Fig. 3(b).
Above TC, the departure of χ�1ðTÞ from the Curie–Weiss law
[χ �1 ¼ ðT�ΘÞ=C, where Θ and C are the Weiss constant and Curie
constant, respectively] indicates that the PM phase of this system
is magnetically heterogeneous. From the slope of the approximate
linear region of χ�1 vs T curve, we have calculated the value of C
(�109 emu K mol�1 Oe�1), and Θ (�24 K) is obtained from the
linear extrapolation of χ�1ðTÞ to the temperature axis as shown in
Fig. 3(b). The effective Bohr magneton number, Peff, is evaluated
from C ¼ ðμBPeff Þ2n=3kB, where n is the number of paramagnetic
entities per mol. The value of Peff is �29.5, which is much larger

Fig. 1. X-ray diffraction pattern of Sm0.55(Sr0.5Ca0.5)0.45MnO3 (SSCMO) at room
temperature. The red line corresponds to the Rietveld refinement of the diffraction
pattern with space group Pbnm. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this paper.)

Fig. 2. Laue back reflection image of c-axis of the SSCMO single crystal.

Fig. 3. Temperature dependence of (a) magnetization (M) and (b) inverse dc
susceptibility ðχ�1 ¼H=MÞ for the SSCMO crystal at H¼100 Oe.
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than that expected from the Curie–Weiss law for free Mn
moments (Peff¼4.47), suggesting the presence of FM clusters
composed of a few Mn3þ and Mn4þ ions.

Besides magnetization, we have also investigated the tempera-
ture dependence of resistivity (ρ) of the SSCMO crystal [Fig. 4(a)].
With increasing temperature, ρ increases very slowly until the MIT
temperature (TMI) is reached. At TMI, ρ jumps abruptly as much as
six orders of magnitude and then it shows activated semiconduc-
tor like behavior up to a fairly high temperature. The MIT in this
system is extremely sharp and strongly hysteretic with tempera-
ture. Comparing M(T) and ρ(T) curves, one can see that TC and TMI

are close to each other. The width of the resistivity transition can
be characterized by the temperature coefficient of resistivity (TCR),
which is defined as

TCR¼ 1
ρ

dρ
dT

� �
� 100%: ð1Þ

As expected for a first-order transition, TCR exhibits a sharp peak
close to TMI [Fig. 4(b)]. The value of TCR and the transition
temperature are important for the bolometric applications
[30,31]. Several authors have performed this study on manganite
thin films as well as bulk samples [30–32], and a quite large TCR
(�23%/K) has been found in Ag-implanted La–Ca–Mn–O thin film
[31]. From Fig. 4(b), one can see that the maximum TCR of SSCMO
at TMI is �12%/K. Though this value is smaller than that observed
in La–Ca–Mn–O thin films, it is relatively higher than those
reported for several bolometric materials such as vanadium oxide,
in which TCR is less than 5%/K [32].

Fig. 5(a) shows the temperature dependence of magnetization
of SSCMO for different magnetic fields. With increasing H, the
transition is shifted to higher temperatures at an average rate (dTC/
dH) of 7.15 K/T. The increase of TC with H is a characteristic of
colossal magnetoresistive manganites, especially in the presence

of QD. The width of the thermal hysteresis in M gradually
decreases with H and the two phase transition lines, correspond-
ing to the heating and cooling cycles would merge to one another
at a critical field, Hcr � 11:5 T and the corresponding critical
temperature (Tcr) is �164 K [Fig. 5(b)]. In the region between
warming and cooling cycles, the magnetic state of the system is
determined by the way through which the sample arrives at this
region, i.e., by the increase or decrease of temperature. This
confirms that SSCMO has a critical end-point ðHcr � 11:5 T;
Tcr � 164 KÞ at which the first-order FM transition becomes a
crossover. We have also investigated the effect of hydrostatic
pressure on the nature of FM transition of SSCMO. Fig. 6 shows
the representative plots of M(T) curves at two different pressures

Fig. 4. Temperature dependence of (a) resistivity (ρ) and (b) temperature coeffi-
cient of resistance (TCR) for SSCMO.

Fig. 5. (a) M(T) curves of SSCMO for different magnetic fields. (b) H�T phase
diagram. Closed and open symbols are the transition temperatures derived from
the heating and cooling cycles of M(T) curves, respectively.

Fig. 6. Temperature dependence of magnetization in the presence of hydrostatic
pressure at H¼100 Oe.
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(0 and 9.8 kbar). Similar to H, external pressure extends the FM
phase to higher temperature at the rate of �17 K/GPa and reduces
the thermal hysteresis [Fig. 6].

4. Discussions

The SSCMO crystal exhibits a strong first-order FM metal to PM
insulator transition at TC � 82 K. In the presence of both external H
and P, TC increases and the first order character of the FM
transition is suppressed and eventually vanishes above a critical
point. We would like to compare and contrast the present result
on SSCMO with Sm0:55Sr0:45MnO3 (SSMO). In the case of SSMO,
resistivity changes by three orders of magnitude at MIT
ðTMI � 135 KÞ along with thermal hysteresis of width 1.7 K [23].
So it is clear that in SSCMO, the change in resistivity at TMI and the
width of the hysteresis are respectively 2 orders of magnitude
larger and 8 times wider as compared with SSMO, indicating that
the first-order FM transition in SSCMO is much stronger than that
for SSMO. The occurrence of first-order phase transition can be
explained on the basis of strong coupling between magnetic and
structural order parameters, i.e., between magnetization and
average lattice distortion (Δ). The free energy (f) in the presence
of coupling between M and Δ can be expressed as [33,34]

f ¼ f 0þAM2þBM4þCM6þ⋯þKΔ2þξM2Δ; ð2Þ
where ξ represents the coupling between M and Δ. Taking the
volume distortion that minimizes the free energy,

∂f
∂Δ

¼ 2KΔþξM2 ¼ 0; ð3Þ

Δ¼ �ξM2

2K
; ð4Þ

and inserting the value of Δ in Eq. (2), we obtain

f ¼ f 0þAM2þB1M
4þCM6þ⋯; ð5Þ

where B1 ¼ ðB�ξ2=4KÞ. If B1 is positive, the sixth order term can be
neglected in the vicinity of second-order transition. On the other
hand, if B1 is negative, the sixth order term is required to maintain
the stability. In this case, as temperature is lowered, secondary
minima develop and symmetrically placed about M¼0. When the
free energies of secondary minima with Ma0 pass through zero,
there is a first-order transition [33]. If the coupling between
magnetization and lattice distortion is very strong, i.e., ξ is large
½4√ð4KBÞ�, B1 becomes negative and leads the transition towards
first-order. For manganites, the lattice distortion Δ is mainly
determined by 〈rA〉�1. The value of 〈rA〉 for SSMO is 1.21 Å. With
the substitution of Ca, 〈rA〉 starts to decrease and becomes 1.18 Å
for SSCMO. This indicates that Δ and hence ξ is larger in SSCMO as
compared to SSMO. So the coefficient B1 should be more negative
in SSCMO, suggesting that the first-order FM transition in SSCMO
is stronger than in SSMO. Several studies have shown the strong
dependence of structural properties on external H and magnetic
properties on pressure or oxygen isotope substitution, suggesting
that the magnetic and structural order parameters are coupled to
each other [16,35]. To explain the reduction of TC with Ca
substitution, one has to consider the effect of both 〈rA〉 and s2.
TC decreases with the decrease of 〈rA〉 while increases with the
decrease of s2 [13]. Similar to 〈rA〉, s2 also decreases with Ca
doping in SSMO. As the effect of 〈rA〉 is stronger than the effect of
s2 on TC, TC in SSCMO reduces with Ca doping. The above picture is
also consistent with the polaronic model. As 〈rA〉 reduces, charge
carriers are more probable to be trapped by the lattice distortion
and give rise to the formation of polarons–charge carriers accom-
panied by a localized distortion of the surrounding crystal lattice
[4,36]. The polaron formation is primarily reflected through the

activated like behavior of ρ [ρ� expðEg=kTÞ, where Eg is the
activation energy] above TC. Both SSMO and SSCMO exhibit
activated behavior of ρ with Eg � 102 meV and �119 meV, respec-
tively [23,24]. The deviation of χ �1ðTÞ from the Curie–Weiss
behavior above TC [Fig. 3(b)] is also an indication of the presence
of polarons. The formation of polarons truncates the FM phase,
enhances the self-trapping and drives the material towards a first-
order phase transition.

The application of external perturbations weaken the coupling
between magnetization and lattice distortion and, as a result,
B1 (Eq. (5)) starts to increase and becomes positive above a critical
point where the first-order FM transition becomes a crossover or
second-order [16,34,35]. It may be mentioned that the value of Hcr

for SSMO is quite small (�3.75 T) and with the substitution of Nd
(z) at Sm site ½ðSm1� zNdzÞ0:55Sr0:45MnO3�, TC enhances and both Hcr

and the width of thermal hysteresis decrease and eventually
become zero at z� 0:33 [23,24]. Demkó et al. argued that the
first-order nature of the FM transition is strongest in
Eu0:55Sr0:45MnO3 (ESMO) because ESMO has lowest TC � 50 K
and maximum thermal hysteresis width (14.3 K) among the
manganites [23]. Furthermore, the resistivity jump across the
transition is as high as �9 orders of magnitude. So they claimed
that the observed value of Hcr�7.4 T for ESMO is the highest
critical magnetic field in manganites. The present study, however,
reveals that the value of Hcr in SSCMO is 1.5 times larger as
compared to ESMO.

5. Conclusions

We have studied the effect of magnetic field and hydrostatic
pressure on the nature of FM to PM phase transition in a single
crystal of Sm0.55(Sr0.5Ca0.5)0.45MnO3. The strong hysteretic beha-
vior of M and ρ with temperature and the abrupt decrease of ρ by
several orders just below TC suggest that the FM transition is
discontinuous first-order in nature. External H and P increase the
TC and weaken the first-order character of the transition. We have
identified a critical end point of the first-order FM transition and is
given by ðHcr � 11:5 T; Tcr � 164 KÞ. The observed value of Hcr is
highest among the manganites.
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