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We have studied the effects of hydrostatic pressure on the electrical transport and magnetic
properties of La1.32Sr1.68Mn2O7 layered manganite up to 25 kbars. At ambient pressure, the
compound exhibits a ferromagnetic transition accompanied by a metal-insulator transition �TMI

1 � at
118 K. Increasing pressure induces a second metal-insulator �TMI

2 � transition at a critical pressure of
6�PC�7 kbars in the temperature dependence of resistivity measurement. With further increase in
pressure, both TMI

1 and TMI
2 shift to higher temperatures continuously, however, displaying a

suppression in the amplitude of the peaks on the resistivity curves. We could not observe any
transition corresponding to TMI

2 in the temperature dependence of magnetization measurement under
pressures up to 10 kbars. However, pressure reduces the magnetic moments at low temperatures and
shifts the TC to higher temperatures at the same rate observed for TMI

1 . A large negative tunneling
magnetoresistance was observed around TC due to the applied magnetic field up to the maximum
available value of 5 T, and the pressure reduces the magnetoresistance ratio significantly. This result
is due to the canted ferromagnetic order that was established by increasing pressure, which leads to
an electron localized ferromagnetic insulating phase. © 2009 American Institute of Physics.
�doi:10.1063/1.3256182�

I. INTRODUCTION

The rare earth manganites of the composition
R1−xAxMnO3 �R=La,Pr,Nd and A=Sr,Ca,Ba� have re-
ceived great attention worldwide due to its variety of electri-
cal and magnetic properties that depend on the concentration
x, temperature, and other parameters.1 Its colossal magne-
toresistance �CMR�, for instance, is one of these interesting
properties and strongly depends on the dimension of the
manganese oxide lattice.2 In this sense, low dimensional bi-
layer manganites with the formula Rn+1MnnO3n+1 �n=2�
have attracted considerable interest from the past decade due
to their enhanced CMR, significant anisotropic properties,
and rich magnetic and resistive phases.3

The bilayer manganites are manganese oxides with a
layered perovskite structure, where the Mn atom is sur-
rounded by six oxygen ions and forms MnO6 octahedra. The
crystal field of oxygen ions splits the degeneracy of the 3d
orbital of Mn atoms into threefold degenerate t2g �dxy, dyz,
and dzx� and twofold degenerate eg �dx2−y2 and d3z2−r2�
orbitals.4,5 This splitting of degeneracy plays an important
role in the properties of manganites. Since the bilayer man-
ganite consists of the ferromagnetic metallic MnO2 bilayers
separated by a nonmagnetic �La,Sr�2O2 insulating layer
stacked along the c-axis, these are also recognized as an
intrinsic ferromagnetic metal �FMM�–insulator �I�–FMM
multilayered system. An approach considered to optimize the
properties of these materials varies the internal pressure by
means of either chemical substitution or external pressure
�hydrostatic or uniaxial pressure�. Indeed, the transport and

magnetic properties of layered manganites are very sensitive
to applied pressure due to the anisotropic compressibility of
these materials.6 There are few studies of the bilayer manga-
nites under hydrostatic pressure,7,8 and most of them are on
La2−2xSr1+2xMn2O7 layered manganites due to its interesting
behaviors at low temperatures. We can summarize some im-
portant conclusions: �i� the applied pressure leads to a steep
drop in resistivity accompanying shifts in transition tempera-
ture to high temperature values;7,8 �ii� Ishihara et al.9 re-
ported that the applied pressure stabilizes the in-plane dx2−y2

orbital in comparison with the axial d3z2−r2 orbital for the
La2−2xSr1+2xMn2O7 series; �iii� the pressure induced charge
transfer from the axial to the in-plane orbital weakens the
interbilayer coupling and reduces the charge transport along
the c-axis; �iv� the changes in Mn–O–Mn bond angle and
Mn–O bond length were observed in the structure of
LaSr2Mn2O7 under pressures up to 35 GPa by Kumar et
al.;10 and �v� application of pressure leads to a buckling of
the Mn–O�3�–Mn linkage in the ab-plane accompanying a
compressibility along the c-axis by the interbilayer spacing,
as reported by Kamenev6 concerning the
�La0.6Nd0.4�1.2Sr1.8Mn2O7 layered manganite.

Another interesting property of bilayer manganite is the
tunneling magnetoresistance �TMR� due to its
ferromagnetic-insulator-ferromagnetic junction. Kimura et
al.11 reported that the applied pressure weakens the inter-
plane magnetic coupling and enhances the interplane TMR
for the La2−2xSr1+2xMn2O7 �x=0.3� compound. Since
La2−2xSr1+2xMn2O7 is a low dimensional system, it shows a
large negative magnetoresistance at a low field.

The crystal structure, electrical transport, and magnetica�Electronic mail: vanji.hplt@gmail.com.
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phases of La2−2xSr1+2xMn2O7 have been investigated using
x-ray and neutron diffraction by many research groups.12–15

Among them, Kubota et al.16 found that the
La2−2xSr1+2xMn2O7 system is a FMM in a narrow doping
range of 0.30�x�0.48. Some previous studies reported that
La2−2xSr1+2xMn2O7 �x=0.34� undergoes a ferromagnetic to
paramagnetic transition at 118 K.3,16 At temperatures below
�118 K, the magnetic moments on the Mn sites are ferro-
magnetically coupled both between and within the bilayers.
Phase separation scenario, for instance, ferromagnetic metal-
lic and antiferromagnetic charge and orbital ordered insula-
tors, has been studied widely in layered manganites. The
results of optical spectroscopic studies by Kunze et al.17 sup-
port the phase separation scenario in the x=0.34 compound.
They observed two transitions, one near the metal to insula-
tor transition and another at 280 K, reported as anisotropy
onset temperature. Charge orders have also been observed
above the metal-insulator transition, whereas below this tran-
sition the temperature suppresses charge ordering and devel-
ops a long-range metallic state.

In this work, hydrostatic pressure and magnetic field ef-
fects on electrical transport and magnetization at low tem-
perature in La1.32Sr1.68Mn2O7 �x=0.34� have been investi-
gated. We have chosen the x=0.34 compound because of its
highest TC and the simplest ferromagnetic coupling between
and within the bilayers below TC. Most of the pressure stud-
ies on La2−2xSr1+2xMn2O7 have been done so far for the low
doped region �0.3�x�0.32�, which show a pressure in-
duced antiferromagnetic transition �TN�.8,18 The increasing
pressure induces a segregation into antiferromagnetic
electron-rich and ferromagnetic electron-poor Mn2O7 layers
in the x=0.32 compound.

II. EXPERIMENTAL

The polycrystalline sample of La1.32Sr1.68Mn2O7 was
synthesized by the standard high temperature solid state re-
action method. The stoichiometric mixture of La2O3, SrCO3,
and Mn2O3 powders was thoroughly mixed and grounded
until the homogenous distribution is achieved. The final mix-
ture was sintered at 1300 °C for 36 h in flowing oxygen. The
room temperature powder x-ray diffraction patterns of the
final product were recorded with Cu K� radiation using a
Phillips diffractometer in the 2� range of 20°–80°. The pat-
terns were analyzed with the Rietveld method using the GSAS

program.19 The pressure dependence of resistance was per-
formed up to 25 kbars using a Be–Cu self clamp type hydro-
static pressure cell with Fluorinert 75 as a pressure transmit-
ting medium. Pb and Manganin were used as pressure
monometers at low temperature and at room temperature,
respectively. The electrical resistivity was measured on a
sample of dimension of 1.8�0.9�0.6 mm3 by a standard
four-probe technique with the electrical contacts made by Pt
wire and silver epoxy. A Linear Research �model LR-700�
ac-resistance bridge was used to measure the electrical resis-
tance. The temperature was measured by a calibrated Cernox
sensor �Lakeshore� and controlled by a Lakeshore �model
340� temperature controller. The temperature stability is bet-
ter than 1% in the whole temperature range. A normal He4

oxford cryostat was used to execute the measurements at low
temperature that allows us to reduce the temperature from
300 to 4.2 K and the external magnetic field up to 5 T. We
measured both cooling and warming resistances but did not
observe any temperature hysteresis. Another miniature hy-
drostatic pressure cell made of a nonmagnetic Be–Cu alloy
suitable to a commercial superconducting quantum interfer-
ence device magnetometer �Quantum design� was used for
magnetization measurements. The measurements were per-
formed at temperatures from 5 to 300 K and at pressures up
to 10 kbars. In the measurement, we have also used pure Pb
as a pressure monometer.

III. RESULTS AT AMBIENT PRESSURE

Figure 1 shows the x-ray data with refinement for the
compound La1.32Sr1.68Mn2O7. The Rietveld refinement
agrees well with the calculated patterns, and the compound
was found to be monophasic. The calculated unit cell param-
eters a=3.8661 Å and c=20.1759 Å are comparable with
the values reported by Kubota et al.16 The magnetization in
Bohr magnetons per manganese ion as a function of field up
to 5 T at low temperature and at room temperature is shown
in Fig. 2. The measurements show that the compound is a
ferromagnetic at 5 K and a paramagnetic state at room tem-
perature. The ferromagnetic saturation value 3.48�B is rea-
sonably consistent with an average Mn valance of +3.4 and a
magnetic moment of 3.6�B at the Mn site. In Fig. 3, the
temperature dependence of the magnetization �field cooled
�FC� with 100 Oe� is shown, which results in a sharp ferro-
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FIG. 1. Powder x-ray diffraction pattern of La1.32Sr1.68Mn2O7 recorded at
ambient pressure and processed by the Rietveld method.
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FIG. 2. Field dependence of the magnetization curves at 5 and 300 K.
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magnetic transition �TC� at 118 K. Even above the TC, we
have observed another transition at T�, which was reported
earlier.20,21 There is a two dimensional short-range ferromag-
netic order between TC and T� temperatures. A sharp metal
to insulator transition �TMI� has been observed at 118 K in
the temperature dependence of the resistivity curve ��T�
shown in Fig. 3, which coincides with TC, a typical example
of perovskite manganites. However, we could not observe
any transition related to T� in the ��T� curve. The upturn
below TMI can be attributed to the two dimensional confine-
ment of the eg carriers. This resistivity behavior is a typical
example of bilayer manganite, and similar upturns of resis-
tivity were observed in other bilayer manganites.3,22 The low
temperature ferromagnetic metallic phase is explained by the
double exchange �DE� mechanism,4 where the hopping of an
electron takes place from Mn3+ to O2− accompanied by a
simultaneous hopping from the latter to Mn4+. The probabil-
ity of this DE electron transfer of an eg electron depends on
the orientation of the neighboring intra-atomic Hund’s
coupled t2g spins.5 High temperature paramagnetic insulating
�PMI� phase is explained by the formation of Jahn–Teller
polarons due to the distortion of MnO6 octahedra above
TC.23 This distortion causes a self trapping of free electrons
within the MnO6 octahedra and forms polarons. The greater
distortion results in more trapping of charge carriers.

IV. RESULTS AT HIGH PRESSURE

The increasing pressure significantly affects the transport
behavior, as shown in Fig. 4, shifting the transition tempera-

ture �TMI� toward higher temperature values. At a critical
pressure 6�PC�7 kbars, a second metal-insulator transi-
tion �TMI

2 � appears at around 90 K. In the inset, we plot the
��T� curves for pressures of 3.5, 6.0, and 7.0 kbars in order
to visualize the existence of TMI

2 . The TMI
1 and TMI

2 are shifted
with pressure toward higher temperatures at a rate of 1.7 and
1.3 K/kbar, respectively. The amplitude of the peak of the
resistivity curves decreases at rates of −3.63 m� /kbar for
TMI

1 and −1.04 m� /kbar for TMI
2 . The insulating behavior is

fairly suppressed at around TMI, reflecting the long-range
ferromagnetic spin ordering in the respective MnO2 sheets.
When the pressure reaches the maximum available value �25
kbars�, the TMI

1 transition is therefore almost suppressed. It is
argued that the conductivity in the high temperature para-
magnetic region is dominated by polaronic conductions aris-
ing from the localized charge carriers due to Jahn–Teller
distortion.24 This polaronic transport in the high temperature
region can be characterized by the activation energy �Ea�.
The Emin–Holstein polaron hopping model with �
=AT exp�Ea /kBT� gives a good fit in the high temperature
regime for ��T� curves. The calculated Ea values from the
fittings are shown in Fig. 5, which indicate that the Ea is
reduced from 92 meV for an ambient pressure to 55 meV for
25 kbars. This result implies that the applied pressure re-
duces the formation of Jahn–Teller polarons.

To confirm whether the pressure induced transition at
TMI

2 is magnetic, we have measured the temperature depen-
dence of magnetization under pressure up to 10.2 kbars and
have plotted it in Fig. 6. We could not observe any magnetic
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FIG. 3. Temperature dependence of the magnetization under 100 Oe �right
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transition correspond to TMI
2 in the temperature dependence

of magnetization even up to 10.2 kbars. However, increasing
pressure shifts the TC to higher temperature values at the
same rate observed for the TMI

1 . Both the transition tempera-
tures �TMI

1 and TC� change equally with pressure at a rate of
1.7 K/kbar. Meanwhile, increasing pressure reduces the mag-
netic moments significantly at a low temperature ferromag-
netic regime.

In Fig. 7, we plotted the field dependence of the resis-
tivity ��H� curves, measured at 4.2 K for the pressures 0, 5.9,
9.4, and 25 kbars. In the measurement, we have observed a
large negative magnetoresistance on the application of field
up to 5 T. The magnetoresistance ratio MRR= ��0−�H� /�H

�100 for the ambient pressure with a 5 T field is about
128%, and it decreases to 95% when the pressure reaches 25
kbars. Also, we have measured the temperature dependence
of resistivity ��T� under a magnetic field for the same pres-
sures, and the results were plotted in Figs. 8�a�–8�d�. We do
not observe any transition at 90 K in ��T� curves upon the
application of a magnetic field up to 5 T at ambient pressure
�Fig. 8�a��. A large negative TMR was observed at TMI

1 in all
the pressure range. The MRR of about 300% was observed at
TMI

1 for ambient pressure, which is larger than that observed
at 4.2 K. The ��T� curves for all the pressure range have
shown a suppression of TMI

1 at 5 T field, and the increasing
pressure reduces the MRR significantly.

V. DISCUSSION

Many groups reported pressure induced antiferromag-
netic transition �TN� in La2−2xSr1+2xMn2O7 �x=0.3 and x
=0.32�.8,18 In the present paper �x=0.34�, we could not ob-
serve any antiferromagnetic transition induced by pressure.
The ground state of La2−2xSr1+2xMn2O7 takes consecutively
the ferromagnetic state with d3x2−r2 /d3y2−r2 orbital ordering
for the doping concentration of 0.01�x�0.23 and the fer-
romagnetic state with dx2−y2 orbital ordering for 0.23�x
�0.34.12 The La1.32Sr1.68Mn2O7 compound is a simple fer-
romagnetic coupled bilayer for all the temperature range be-
low TC. When an external pressure is applied, it is obvious
that the Mn–O bond length and the Mn–O–Mn bond angle
change significantly,25,26 which will modify the spin ordering
in the MnO2 layers. According to these changes, the applied
pressure can tilt the MnO6 octahedra that leads to a canted
spin state. Canted ferromagnetic arrangements in perovskite
manganites have been studied theoretically and
experimentally.27,28 The neutron diffraction measurements
reported that a three dimensional spin ordering takes place
below TC, where the magnetic moments cant toward the
c-axis with a decrease in temperature. The DE is possible
when t2g spins are aligned in a parallel manner. The hopping
amplitude t=t0 cos�� /2� is maximum when the spins are
aligned parallel, where � is the angle between spins placed at
the neighboring t2g states.29 If the spins are aligned antipar-
allel �t=0�, then there is no hopping of electron for DE. In
our case, the tilted MnO6 octahedra does not participate ef-
fectively in DE due to its canted spin configuration ���0�.
Thus, we have observed a canted ferromagnetic insulating
�CFMI� phase induced by pressure.

Even though the DE model predicts that a canted ferro-
magnetic state may evolve from an antiferromagnetic state,27

we are unable to claim the existence of antiferromagnetic
state from the pressure dependence of M�T� curves �Fig. 6�.
Also, the ��T� measurement upon application of field �Fig.
8�a�� elucidate our results obtained previously. From the re-
sults and considerations described above, we have con-
structed a pressure phase diagram for La1.32Sr1.68Mn2O7 lay-
ered manganite, as shown in Fig. 9. As seen in the figure, at
an ambient pressure there exist two magnetic phases �FMM
and PMI�. The applied pressure induces a third magnetic
phase, known as CFMI, when the pressure reaches a critical
value �6�PC�7 kbars�. Our results also suggest a possible
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pressure induced phase separation scenario with the exis-
tence of ferromagnetic metallic and CFMI phases at the low
temperature regime. The external pressure suppresses peak
resistance monotonically, which is a usual property obtained
in magnetic manganites, even though the pressure induced
antiferromagnetic superexchange occurred.7,18 This contra-
diction may be explained by the pressure enhanced bilayer
coupling in the low temperature regime. From our charge
transport measurement, we argued that the pressure depen-
dence of TMI changes at PC without a diminution of the rate
of any charge transfer with pressure from ferromagnetic to
canted ferromagnetic order.

The external magnetic field increases the alignment of
Mn magnetic moments, and the electrical transport across the
layer boundaries in these materials is proposed to be due to
spin polarized tunneling. We have observed nearly 300% of
MRR at TC with 5 T magnetic field �Fig. 8�a��. Since the
bilayer consists of the FMM–I–FMM junction, the large
negative magnetoresistance is explained in terms of the in-
terbilayer TMR effect.30,31 The TMR mechanism is related to
the alignment of the magnetic moments of two consecutinve
grains in the ferromagnetic phase at low field, and the other
may be due to the changes in the coupling between the fer-
ormagnetic bilayers, which is not clear to occur at low fields
but may change with pressure. The ferromagnetically
coupled interlayer part acts as a leaky current path along the
c-axis. By applying a magnetic field, the magnetization pro-
cess removes carrier blocking ��La,Sr�2O2� boundaries and
allows the interbilayer tunneling of spin polarized electrons.
However, we observed a decrease in MRR with increasing
pressure, this reduction is of 30% compared with ambient
pressure. Few studies have been reported on the relative
change in spin polarized tunneling with the intralayer
orientations.32,33 The tunneling of electrons is higher when
the intralayers are ferromagnetically coupled and lower for
the antiparallel orientation. Taking account of the above dis-
cussion, such a weakening of MR effect can be explained by
the pressure induced CFMI state. Since the pressure induces
a canted ferromagnetic spin state in our compound, which is
not favorable for the spin polarized tunneling, the tunneling
does not take place efficiently at the interlayer. Therefore, the
MRR decreases with increasing pressure.

VI. CONCLUSION

In summary, we have synthesized a bilayer manganite
and measured the electrical transport and magnetic properties
under pressure and magnetic field. The pressure induces a
second metal-insulator transition at 90 K. In order to under-
stand the pressure induced metal-insulator transition, we
have further measured the temperature dependence of mag-
netization under pressure. The measurement does not show
any transition at 90 K, even up to 10 kbars. It reveals that at
high pressure, the low temperature phase is nearly ferromag-
netic, but the ��T� curve shows that it becomes an insulator.
The applied pressure tilted the MnO6 octahedral, leading to
significant changes in the Mn–O–Mn bond angle. These
changes established a canted ferromagnetic order, which
weakens the DE interaction of electrons. By this way, the

pressure induced a canted ferromagnetic state that leads to an
electron localized ferromagnetic insulating behavior. A spin
polarized TMR has been observed at TC upon the external
field of 5 T. Pressure reduces the MRR significantly due to
the induced canted ferromagnetic spin state. As a result, we
conclude the presence of a pressure induced phase segrega-
tion between a ferromagnetic metallic and a CFMI phase in
the La1.32Sr1.68Mn2O7 layered manganite.
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