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The effect of external hydrostatic pressure (P) on the magnetization (M) and resistivity (ρ) properties of
charge-orbital (CO) ordered-insulating phase-separated manganite Pr0.6Ca0.4Mn0.96Al0.04O3 system is
reported here. At ambient P, CO ordering transition and spin-canting in the AFM are observed at 223 K
and 55 K respectively in M(T) and ρ(T) measurements. Application of P increases simultaneously the
magnitude of magnetization (M) and transition temperature, and weakens the CO ordering in M(T)
measurements up to 0.98 GPa. During ρ(T) measurements, P induces an insulator–metallic transition
(TIM) at 1.02 GPa, and further increase of P up to 2.84 GPa leads to increase of TIM (dTIM/dP ¼21.6 K/GPa).
ρ at TIM is reduced about three orders of magnitude at 2.84 GPa, and leads to the giant negative pie-
zoresistance (�98%). These results are analyzed separately in two temperature regions i.e., below and
above TIM by power function equation and small polaronic hopping model respectively. It is understood
from these analyses that the application of P suppresses the Jahn–Teller distortions, electron–electron
and electron–magnon scattering factors, and induces the insulator–metal transition in
Pr0.6Ca0.4Mn0.96Al0.04O3 system.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Perovskite manganites Ln1�xAxMnO3 (Ln:La or rare-earth ele-
ments; A:alkaline metals) have been extensively studied for more
than two decades, because of their rich physics and their potential
applications due to the interesting properties such as colossal
magnetoresistance (CMR), charge-orbital (CO) ordering, Jahn–
Teller (JT) effect and Double-Exchange (DE) mechanism etc [1].
These materials get a great deal of attraction by having the fer-
romagnetic (FM)-paramagnetic (PM) transition accompanied by
insulator–metal (IM) transition, which is originating from the DE
interaction [2]. It is widely accepted that DE mechanism [3] and
hopping of small polarons [4] are responsible for the ferromag-
netic metallic (FMM) and paramagnetic insulating (PMI) states of
manganites respectively. On the other hand, both magnetic and
transport properties of manganites are controlled by the band-
width and band filling, and these can be altered through internal
(chemical) pressure by doping at the Ln, A or Mn site, and/or ex-
ternal perturbations such as magnetic field (H), uniaxial pressure
(UP) and hydrostatic pressure (P). In particular, numerous studies
of pressure effect on various manganites revealed an increase of
rumugam).
the transition temperature with P [5]. P enhances hopping integral
t0 by affecting the orbital degeneracy without altering total spin of
the system, and consequently changes the Curie temperature (TC)
as well as IM temperature (TIM).

Generally, the change of resistivity by H and P is coined by
terms Magnetoresistance (MR) and piezoresistance (PR) respec-
tively, and they have been classified into normal, giant and co-
lossal depending upon the order of change in resistance. The study
on MR has been largely discussed in various perovskite and bilayer
manganite systems; however, PR has been studied less compara-
tively. Previously, Zhang et al. [6] and Mohan Radheep et al. [7]
reported the giant and colossal PR in La0.85Sr0.15MnO3 and
Sm0.55(Sr0.5Ca0.5)0.45MnO3 by the application of UP of 30 MPa and
90 MPa respectively.

In Pr1�xCaxMnO3 manganite system, the large size difference
between the Pr/Ca and the Mn cations leads to a small tolerance
factor, and small transfer integral between Mn atoms [8]. Hence,
the eg electrons are localized and the charge-ordering (CO) phase
is stabilized in a broad doping range 0.3rxr0.7, and anti-
ferromagnetic insulator (AFI) at low temperatures. However, the
internal and external perturbations can destroy the CO state, and
lead to a conducting state. i.e., insulating nature of CO ordered
manganites was destroyed internally by doping at Ln, A- [9] and/or
Mn-sites [10–12], externally by magnetic field [13] and/or pressure
[14]. For example, neutron diffraction studies under pressure upto
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2.3 GPa on Pr0.75Na0.25MnO3 system reveals the suppression of the
CE-type AFM CO state. Similarly, CO ordered state on Pr1�xCax
MnO3 was also suppressed by the effect of the internal [15] and
external perturbations [16–18]. Tomioka et al. reported the sup-
pression of CO ordered insulator and induces the FMM transition
by Sr doping at A site of Pr0.7Ca0.3MnO3 i.e.,
Pr0.55(Ca1�ySr1�y)0.45MnO3 (y40.25) [15], and application of
H42 T also leads to similar phenomenon [16]. Similarly, Suresh
Kumar et al. has also reported the IM transition in Pr0.6Ca0.4MnO3

with the Mn-site doping by various impurities such as Cr, Co, Ni
and Ru at ambient P [17]. However, Al doping at Mn site viz.,
Pr0.6Ca0.4Mn0.96Al0.04O3 does not exhibit IM transition, but only
weak CO ordering was reported at low temperature [17]. On the
other hand, P suppressed CO ordered insulating state in Pr1�xCax
MnO3 system at 3.8 GPa, 2.8 GPa and 2.0 GPa for x¼0.25, 0.3 and
0.35 respectively, and correspondingly induced IM transition
[18,19]. Hence, P may destabilize the CO state in
Pr0.6Ca0.4Mn0.96Al0.04O3 system. By keeping these points in mind,
we have selected Pr0.6Ca0.4Mn0.96Al0.04O3 system to investigate the
effect of P on magnetization, resistivity and order of phase tran-
sition in a more detailed way.
2. Experimental

Polycrystalline samples of Pr0.6Ca0.4Mn0.96Al0.04O3 were pre-
pared using the standard solid-state reaction method. Further,
details of sample preparation, structural characterization, magne-
tization and transport properties at ambient P were reported by
Suresh Kumar et al. [17]. Magnetic measurements at various P up
to �1 GPa were performed using Physical Property Measurement
System-Vibrating Sample Magnetometer (PPMS-VSM), (Quantum
Design, USA) module equipped with the Cu–Be clamp type
Fig. 1. Temperature dependence of magnetization for Pr0.6Ca0.4Mn0.96Al0.04O3 at hydrost
(c) 0.51, (d) 0.72 and (e) 0.98 GPa; (f) pressure dependence of TT during cooling and wa
pressure cell. The temperature dependence of magnetization [M
(T)] was recorded upon cooling and warming cycles with an ap-
plied magnetic field of μ0 �H¼0.1 T in the temperature range of
300–2 K at various P. The magnetic transition temperature was
determined from the inflection point of dM/dT curve. Magnetiza-
tion as a function of magnetic field [M(H)] was recorded during
increasing and decreasing magnetic field (μ0 �H) between 0 and
5 T at various P with a temperature interval of 10 K. The pressure
dependence of TC of superconducting Sn was used as an in-situ
pressure standard for calculating the actual pressure experienced
by the sample in the pressure cell [20]. The temperature depen-
dence of electrical resistivity [ρ(T)] under ambient and various P
was measured by a conventional four-probe method for cooling
and warming cycles using closed cycle refrigerator – variable
temperature insert (CCR-VTI, Sumitomo, Japan) and 3 GPa self
clamp-type hybrid hydrostatic pressure cell. The pressure was
calibrated using resistive transitions of Bi I–II (2.55 GPa) and Bi II–
III (2.7 GPa) at room temperature [21].
3. Results and discussion

3.1. Effect of pressure on magnetic measurements

Fig. 1(a) shows the M(T) of Pr0.6Ca0.4Mn0.96Al0.04O3 at ambient P
under the magnetic field (μ0 �H) of 0.1 T. A weak maximum around
223 K (TCO) [shown in inset] is observed and it is a hall mark of the
CO ordering transition. The peak at 55 K (95 K) during the cooling
(warming) cycle corresponds to the spin-canting in the AFM state
of Mn sublattice, and these results are in good agreement with
Suresh Kumar et al. [17]. The thermal hysteresis around spin-
canting transition between cooling and warning cycles suggests a
first-order transition in nature [22]. Further, Fig. 1(a) shows a weak
atic pressure of (a) 0 [Inset: enlarged view around CO ordering transition], (b) 0.10,
rming cycles.
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magnitude for magnetization, and indicates that the doping of Al
at Mn site do not alter the CO ordered state of parent compound
Pr0.6Ca0.4MnO3. Martin et al. also confirms the presence of CO or-
dering and spin-canting in the AFM state at �220 K and 50 K re-
spectively in Pr0.5Ca0.5Mn0.95Al0.05O3 [23]. Fig. 1(b)–(e) shows that
M(T) of Pr0.6Ca0.4Mn0.96Al0.04O3 under μ0 �H of 0.1 T at P¼0.10,
0.51, 0.72 and 0.98 GPa respectively. It is clear from these figures
that the application of P from 0 to 0.98 GPa increases the magni-
tude of magnetization from 5 A m2 kg�1 [Fig. 1(b)] to
15 A m2 kg�1 [Fig. 1(e)] at low temperatures, and also shifts the
transition temperature towards high-temperature region. Inset of
Fig. 1(e) shows that the enlarged view of M(T) around CO transi-
tion at 0.98 GPa. It is understood from these results that P of
0.98 GPa is not enough to suppress both CO ordered state and
first-order transition completely. Fig. 1(f) shows the P dependence
of TCO for Pr0.6Ca0.4Mn0.96Al0.04O3 sample. The rate of change of TCO
with respect to P (dTCO/dP) is found to be 37 K/GPa, and it is same
for both cooling and warming cycles. Hence, it confirms that the
Pr0.6Ca0.4Mn0.96Al0.04O3 system retains a first-order transition by
the application of P up to 0.98 GPa.

We have measured M(H) curves from 30 to 130 K in every 10 K
interval at various P such as 0 GPa, 0.51 GPa, 0.72 GPa and
0.98 GPa, as shown in Fig. 2(a)–(d) respectively. The sample was
zero-field cooled from 250 K to the 30 K prior to the measurement
to erase previous magnetic memory. At ambient P, M(H) at 30 K
increases rapidly up to 3 T and then follows by moderate increase
and saturates at 5 T. This saturation is due to the progressive
conversion of the CO ordered matrix into a FM phase. When H is
reduced from 5 T, the magnetization traces a separate S-type path
due to the field-induced metamagnetic transition (FIMMT) with
the first-order nature. M(H) curves from 30 K to 100 K shows that
both magnetization and S-type behavior decreases with increasing
of H up to 5 T. Further, M(H) curves above 110 K increase linearly
up to 5 T corresponds to the CO ordering transition. From the Fig. 2
Fig. 2. Magnetic field dependence of magnetization for Pr0.6Ca0.4Mn0.96Al0.04O3 at hydro
around transition in the step of 10 K.
(b)–(d), it is observed that the application of P up to 0.98 GPa re-
duces slightly both S-type behavior and width of the hysteresis.
Moreover, the value of saturated magnetization (MS) at ambient P
is 3.64 μB/Mn at T¼30 K and H¼5 T. Application of P up to
0.72 GPa reduces MS to 3.4 μB/Mn, and further increase of P upto
0.98 GPa reduces to 3.14 μB/Mn at T¼30 K (i.e., below transition)
and H¼5 T. However, there is no appreciable change in MS by
application of P up to 0.98 GPa at T¼130 K (i.e., above transition)
and H¼5 T. It is confirmed that 1 GPa is not enough for the
complete suppression of CO ordering, FIMMT and first-order be-
havior in this system. It was not possible to possible magnetization
measurements for the pressure more than 1 GPa due to limitation
of our pressure cell used for magnetization measurements. Hence,
we have carried out ρ(T) measurements under various P up to
�3 GPa in order to study the effect of P in detail.

3.2. Effect of pressure on resistivity measurements

Fig. 3(a) shows the ρ(T) of Pr0.6Ca0.4Mn0.96Al0.04O3 sample for
various P up to 2.84 GPa during the warming cycle. At ambient P,
the sample shows sharp rise in resistivity below 200 K which
manifests to CO insulting nature. Further, it exhibits insulating
nature with a short “shoulder”-like transition around 100 K, which
is analogous to the spin-canting transition of magnetization
measurements. These transitions are also in good agreement with
the results reported by Suresh Kumar et al. [17]. The application of
P of 0.43 GPa does not change the insulating behavior in the high-
temperature region, whereas it reduces the magnitude of re-
sistivity in the low-temperature semiconducting region. Further,
increase of P upto 1.02 GPa induces IM transition (TIM) at 107 K
[Fig. 3(a)], and an enlarged view around the transition region is
shown as an inset of Fig. 3(a). Further increase in P up to 2.84 GPa
enhances metallic nature of the sample, and shifts TIM towards
higher temperature. The P dependence of TIM is shown in the left
static pressure of (a) 0, (b) 0.51, (c) 0.72 and (d) 0.98 GPa for various temperatures



Fig. 3. (a) Temperature dependence of resistivity for Pr0.6Ca0.4Mn0.96Al0.04O3 under various hydrostatic pressure up to 2.84 GPa during the warming cycle [Inset: enlarge
view of main graph]; (b) pressure dependence of TIM (left axis) and Piezoresistance (right axis); (c) loss percentage of normalized resistivity at 25 K, 50 K, 150 K and 175 K.
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axis of Fig. 3(b), and the rate of change of TIM with respect to P
[dTIM/dP] is found to be 21.6 K/GPa.

The change in magnitude of resistivity by P at transition tem-
perature is analyzed by estimating the Piezoresistance (PR) for
various P up to 2.84 GPa using the following relation: �PR¼{([ρ
(P)�ρ(0)])/ρ(0)}�100%. The P dependence of -PR is shown in the
right axis of Fig. 3(b). Initially, -PR slowly increases up to 1.02 GPa,
and found to increase drastically between 1.02 to 2.40 GPa. The
maximum �PR of 98% is observed at TIM for P¼2.84 GPa. Thus,
Pr0.6Ca0.4Mn0.96Al0.04O3 exhibits Giant negative Piezoresistance
under P of 2.84 GPa.

The P dependence ρ below and above TIM is analyzed by the loss
percentage of normalized resistivity. It is calculated from the change
in resistivity for T (150 K, 175 K)4TIM and T (50 K, 25 K)oTIM and
room temperature resistivity, and using the relation {([ρT�ρ300])
/ρT}�100%. The pressure dependence of loss percentage of nor-
malized resistivity is shown in Fig. 3(c) and it is found that there is
no appreciable change in loss percentage of normalized resistivity
with the increase of P above TIM. However, loss percentage of
normalized resistivity of 9% and 11% are observed at 50 and 25 K
respectively, and indicates switching-like behavior by the appli-
cation of P.
Table 1
Values of the coefficients obtained by fitting of ρ(T) data in power functions (below
TIM) and the small polaronic hopping model (above TIM).

P (GPa) Below TIM Above TIM

ρ2 (Ω cm K�2) ρ4.5�10�8

(Ω cm K�4.5)
Activation energy
Ea (meV)

0.00 – – 113.41
0.43 – – 112.33
1.02 0.589 148.78 110.07
1.49 0.245 40.48 106.58
2.02 0.095 26.15 104.53
2.40 0.017 5.74 103.79
2.84 0.018 0.79 100.90
4. Discussion

Al3þ substitution to the Mn site of Pr0.6Ca0.4MnO3 (viz.,
Pr0.6Ca0.4Mn0.96Al0.04O3) is isoelectronic to Mn4þ (t2g3) ion, the
number of Jahn–Teller active Mn3þ ions are getting reduced.
Hence, it leads to the weakening of CO state slightly, but does not
make the sample completely to FM state at ambient P condition
[17]. Generally, application of P in manganites decreases the Mn–O
bond length and increases Mn–O–Mn bond angle towards 180°,
hence enhances both the charge transfer process and conduction
(eg electron) bandwidth. Thus, the external P diminishes the Super
Exchange interactions, so CO ordering state getting melted. At the
same time, it favors the DE interaction, and the FM metallic phase
is stabilized subsequently. Thus, the prototypical narrow band
manganite Pr0.65Ca0.35MnO3 also shows the transition from CO
insulating state to FMM state by the application of P¼2.0 GPa [18].
However, the required amount of P to destabilize CO ordering state
is found to be reduced by half (i.e., 1 GPa) in
Pr0.6Ca0.4Mn0.96Al0.04O3 system compared to Pr0.65Ca0.35MnO3

sample, and it is due to simultaneous effect of internal (doping)
and external (hydrostatic pressure) perturbations. In order to un-
derstand the nature of the conduction mechanism under various P,
it would be better to analyze and discuss in two different tem-
perature regions separately such as: (i) melting of CO ordering in
the insulting phase above TIM and (ii) spin-canting semiconducting
state to FMM phase below TIM, as follows:

4.1. Melting of CO ordering state by pressure in the high-temperature
region

Since high-temperature polaronic phase depends on the acti-
vation energy (Ea) of the system, we have determined Ea from ρ(T)
in the high-temperature (TIMoT) region under various P using
small polaronic hopping model [24]

ρ ρ( ) = ( )αT T E k Texp /a B

where ρα and Ea are the residual resistivity and activation energy
of polaron hopping conduction respectively. From the slopes of ln
(ρ/T) vs (1/T) plot, Ea is calculated in the high-temperature region
for various P using the above equation, and the values are shown
in Table 1. The value of Ea¼113 meV at 0 GPa, and it is approxi-
mately closer to the values reported for perovskite manganites.
There is no appreciable change in Ea is observed below 1 GPa.
However, as P increases above 1 GPa, Ea decreases monotonically
upto 2.84 GPa. High-temperature polaronic phase is generally be-
lieved due to Jahn–Teller distortion that splits the two eg orbitals.
The hole doping by Al3þ weakens the Jahn–Teller distortion and
high-temperature polaronic state. In addition to this effect, the
application of P closes the gap in eg orbitals and reduces the ac-
tivation energy. This phenomenon melts the CO ordering nature of
Al3þ doped sample in the high-temperature region. Similar effect
has been observed in the high temperature region for various
manganite systems [25–27].



Fig. 4. Temperature dependence of resistivity of Pr0.6Ca0.4Mn0.96Al0.04O3 during cooling and warming cycles under hydrostatic pressure of (a) 0 GPa and (b) 2.84 GPa.
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4.2. Pressure-induced insulator–metallic transition in low-tempera-
ture region

As shown in Fig. 3(a), ρ(T) of Pr0.6Ca0.4Mn0.96Al0.04O3 exhibits
IM transition for P 41.02 GPa. In the low-temperature region,
metallic phase is approximated by an expression that includes
some scattering mechanisms: ρ ρ ρ ρ( ) = + +T T T0 2

2
4.5

4.5, where ρ0

is the temperature-independent residual resistivity, the term ρ2T2

describes the resistivity associated with mutual scattering of
charge carriers, and ρ4.5T4.5 associated with electron–magnon
scattering processes [28]. The other scattering mechanisms caused
by one-magnon (ρ3T3) and electron-phonon (ρ5T5) interactions at
low temperatures did not fitted well [29]. Hence, our results are
better described by this equation. The values of the coefficients
such as ρ0, ρ2 and ρ4.5 in the low-temperature region are esti-
mated by fitting the ρ(T) data to the above equation for various P
above 1.02 GPa, and the corresponding values are given in Table 1.
Since the above equation is valid only for the metallic ground
state, it is not possible to estimate the coefficients for the set data
P¼0 and 0.43 GPa. It is inferred that the values of ρ2 and ρ4.5 are
decreased by the application of P. i.e., P reduces the scattering of
charge carriers and electron–magnon scattering. Hence, reduction
of scattering in the low-temperature region enhances electron
transfer integral between 3dx2�y

2 and 3dz2�r
2 states through DE

phenomenon. As a consequence, ρ in the spin-canting region is
reduced much by the application of P and leads to the metallic
state in Pr0.6Ca0.4Mn0.96Al0.04O3 system.

4.3. Effect of P on order of transition

Effect of P on the order of phase transition in the resistivity
measurements for Pr0.6Ca0.4Mn0.96Al0.04O3 is also studied. Fig. 4
(a) and (b) show the ρ(T) of Pr0.6Ca0.4Mn0.96Al0.04O3 during cooling
and warming cycles at 0 GPa and 2.84 GPa respectively. As dis-
cussed above, M(T) exhibits hysteresis around transition at ambi-
ent P, and the hysteresis is retained by the application of P up to
0.98 GPa. ρ(T) plots at 0 GPa shows hysteresis between cooling and
warming cycles around insulator to semiconducting transition.
Further, application of P up to 2.84 GPa do not show any appre-
ciable changes in the width of the hysteresis [Fig. 4(b)]. Hence, it is
confirmed that P of 2.84 GPa is not enough to change the first- to
second-order transition and very high P is may be required for the
suppression of the first-order transition in this sample.

Generally, the first-order transition is always accompanied by a
structural change, and hence this CO insulating to metallic tran-
sition is the structural transition in nature [14]. Nevertheless, the
external P changes the properties of the systems mainly through
changes in lattice parameters. The earlier studies of the pressure
dependent neutron diffraction measurements on similar systems
confirmed the orthorhombic to cubic structural phase transition
[30]. In the present work, structural transition is retained by
keeping first-order nature even under P up to 2.84 GPa for the
Pr0.6Ca0.4Mn0.96Al0.04O3 sample. Thus, coexistence of the giant
negative PR with structural phase transition leads to a switching-
like behavior [Fig. 3(c)].
5. Conclusion

In summary, we have measured the effect of hydrostatic pres-
sure on magnetization and transport properties of
Pr0.6Ca0.4Mn0.96Al0.04O3 sample. As P increase of P, low-tempera-
ture scattering factors and high-temperature activation energy
significantly decreases monotonically. This behavior suppresses
the formation of polaronic state in the high-temperature region
and charge-ordered insulating state in the low-temperature re-
gion, and leads to the following consequences: (i) suppression of
Jahn–Teller distortions and favors significantly ferromagnetic cor-
relations in paramagnetic phase, resulting in significant rise of
magnetization in the vicinity of TT, (ii) simultaneously enhances
the DE ferromagnetic interactions considerably in the FM domains
and reduces electron-phonon coupling, (iii) P induced insulator to
metallic transition at 1.02 GPa, (iv) application of P upto 2.84 GPa
results in a negative giant piezoresistance of 98%, (v) no deviation
in structural phase transition is observed implying by retention of
hysteresis under P, (vi) a switching-like behavior is observed under
pressure.
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