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Pressure-Enhanced Interplane Tunneling Magnetoresistance in a Layered Manganite Crystal
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The pressure-induced variations of the anisotropic charge-transport and magnetic properties have
been investigated for a bilayered manganite crystal, La222xSr112xMn2O7 (x ­ 0.3). The magnitude
of the magnetic coupling between the adjacent bilayers can be weakened by application of pressure,
which makes the charge dynamics more two dimensional (2D) but highly incoherent. As a result,
the restoration of the interlayer hopping of the spin-polarized carriers by application of magnetic field,
namely the field-induced 2D-3D crossover, gives rise to an extremely high ratio of interplane tunneling
magnetoresistance, say, up toDrcyrc , 4000% at 4.2 K under,10 kbar. [S0031-9007(97)04423-2]

PACS numbers: 72.15.Gd, 75.30.Kz, 75.70.Pa
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Recent progress of the giant magnetoresistance study
magnetic multilayers has shed light on the study of th
tunneling magnetoresistance (TMR) effect in ferromag
netic metal (FM)2insulator (I)2FM junctions. Several
TMR systems with use of perovskite manganites have al
been proposed and investigated, such as trilayer junctio
[1,2] and granular polycrystals with intergrain boundarie
[3–6]. The nearly complete exchange splitting of th
spin-polarized conduction bands and the resultant hi
spin-polarization in the FM ground state of the perovskit
manganites [7] are anticipated to drastically enhance t
TMR. A recent finding of the gigantic TMR effect
in a layered perovskite manganite La222xSr112xMn2O7

(x ­ 0.3) provides a novel approach to the large MR a
tainable at low magnetic fields [8]. The layered crysta
is composed of FM MnO2 bilayers with intervening in-
sulatingsLa,Srd2O2 blocks, as seen in the inset of Fig. 1
and can be viewed as an infinite array of FMyIyFM junc-
tions. In such a quasi-two-dimensional (quasi-2D) FM
the interplane as well as inplane charge dynamics (a
hence the MR characteristics) is expected to critical
depend on the interlayer magnetic coupling between t
FM MnO2 bilayers. Here, we have utilized an externa
pressure to finely control such an interlayer coupling i
this layered manganite, although the consequence of
pressure is highly nontrivial and unpredictable for th
layered perovskite type structure with anisotropic com
pressibility and complex ionic-covalent bonding charac
ter [9]. In this Letter, we investigate the pressure effe
on the charge-transport and magnetic properties in t
layered manganite La222xSr112xMn2O7 (x ­ 0.3). In
reality, the applied pressure rather weakens the interlay
coupling, realizes the 2D FM state down to low tempera
ture, and drastically enhances the interplane TMR rati
up to Drcyrc , 4000% at 4.2 K. The results have con-
firmed the importance of the interlayer magnetic couplin
in the TMR process of the bulk crystal, and also unravele
the highly incoherent nature of the charge dynamics in th
2D FM state of the manganite.
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Single crystals of La222xSr112xMn2O7 (x ­ 0.3) were
grown by the floating zone method, as previously de
scribed [10]. The grown crystals were characterized b
the four-circle single crystal x-ray and high-resolution
transmission electron diffraction measurements to ensu
single phase of the bilayer structure. The crystal wa
oriented using Laue x-ray diffraction patterns, and cu
into a rectangular shape of typical dimension,1 3 1 3

0.1 mm2. The electrodes on the sample were formed b
heat treatment type silver paint. Resistivity measuremen
were made by a low-frequency (15.9 Hz) four-probe tech
nique with current parallel (rab) and perpendicular (rc)

FIG. 1. Temperature dependence of zero-field cooled
magnetization under a magnetic fieldH of (a) ,2 Oe and
(b) 30 kOe withH k ab and H k c in the La222xSr112xMn2O7
(x ­ 0.3) crystal. The inset shows the crystal structure o
La222xSr112xMn2O7.
© 1997 The American Physical Society
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to MnO2 bilayers. Magnetic fieldsH were provided by
a superconducting magnet. Magnetization measureme
at ambient pressure were performed by using a comm
cial SQUID magnetometer. The quasihydrostatic press
was obtained with a clamp type pressure cell using Flu
rinert as a pressure transmitting medium. The press
effect on the magnetic susceptibilityx was investigated
by use of a mutual inductance bridge at a frequency
15.9 Hz. All the pressure values indicated in this pap
are the ones calibrated by measuring the change in the
perconducting transition temperature of lead [11].

Figure 1 displays the temperature dependence of
magnetization measured at low and highH. The low-
H (,2 Oe) magnetization parallel (Mab) and perpendicu-
lar (Mc) to MnO2 bilayers is strikingly anisotropic. A
steep rise ofMab toward lower temperatures is observe
at ,300 K where rab deviates from a thermal activa
tion type behavior [see Fig. 2(a)], as previously report
[8]. It can be understood in terms of the evolution o
the inplane short-range 2D ferromagnetic correlation b
low ,300 K. At temperatures aroundTc , 90 K, Mc re-
markably increases, whileMab decreases. With further
decreasing temperature,Mc exhibits a sharp anomaly cen
tered atTN , 60 K, somewhat similar to that found in the
parallel susceptibility of an antiferromagnet. In conjun
tion with results of preliminary neutron diffraction mea
surements [12], we can infer that the 3D spin orderin
takes place belowTc where the magnetic moments can
toward thec axis with the decrease of temperature.
other words, the interlayer canted antiferromagnetic ord
evolves with decreasing temperature down toTN . Below
TN , the interlayer antiferromagnetic spin-ordering appea
to evolve. At highH, e.g., at 30 kOe, however, the stee

FIG. 2. Temperature dependence of inplane (rab) and in-
terplane (rc) resistivity under pressures of 0 kbar (a) an
11 kbar (b) at several magnetic fields withH k c in the
La222xSr112xMn2O7 (x ­ 0.3) crystal.
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drop ofMc into lower temperatures belowTN as well as the
anisotropy betweenMab and Mc disappears as shown in
Fig. 1(b). The observed magnetic moment ofM , 3.4mB

at the lowest temperature at 30 kOe is close to that e
pected for the full Mn moment. These results suggest th
the metamagnetic transition occurs belowTN with increas-
ing a magnetic field.

Let us turn to the magnetic field and pressure effects
rab andrc. Figures 2(a) and 2(b) show the temperatu
profiles of rab and rc at several magnetic fields, unde
pressures of 0 and 11 kbar, respectively. All these da
were taken in the warming run. As seen in Fig. 2(a),rab

and rc steeply decrease into a low-temperature metal
state aroundTc under ambient pressure. Taking accou
of the magnetization data, we can ascribe this resist
drop aroundTc to the onset of the 3D spin-ordering
Common to bothrc-T curves at 0 and 11 kbar, the
large interplane MR effect is observed aboveTc. This
can be interpreted in terms of the enhancement of t
spin-polarizedc-axis transport under a magnetic field
Comparing Fig. 2(a) with Fig. 2(b), we find that the
magnetic field effects onrab and rc under 11 kbar are
essentially the same as those under ambient pressure
far as the temperature-region aboveTc is concerned.

The most striking feature is found belowTc. Both the
rab andrc are remarkably increased by applying pressu
of 11 kbar at zero magnetic field, while under magnet
fields of 30 and 70 kOe the pressure effect onrab and
rc is considerably smaller belowTc. In other words, the
steep drops ofrab and rc are suppressed by applying
pressure in the absence of a magnetic field, whi
signals the pressure suppression of the 3D spin orderi
By applying magnetic fields, the 3D ferromagnetic sp
arrangement should be realized even at high pressure
irrespective of pressure. This may explain the rather we
pressure dependence of resistivity at highH.

To further clarify the origin of large pressure effec
on rab and rc below Tc, we display in Fig. 3 the
temperature profiles (in the warming run) of thec axis
ac susceptibilityxc with H k c, rab, and rc under
several pressures (but without an external magnetic fi
throughout the measurement) in the temperature ran
below 160 K. The onset temperature forxc is apparently
shifted to higher temperature with increasing pressu
The results indicate that the onset temperature for t
interlayer canted antiferromagnetic spin correlation go
up with increasing pressure. On the other hand,
more conspicuous change is observed for the press
dependence ofxc maximum. At ambient pressure, a
sharp maximum ofxc is observed atTN , 60 K as an
indication of the onset of the antiferromagnetic interplan
spin-arrangement. With increasing pressure, the anom
is essentially shifted down in temperature, somewh
broadened and reduced in magnitude. Compared with
resistivity data, the suppression of peak structure inxc

may have an intimate connection to the enhancement
2D character belowTc. The steep drop ofrab below
3721
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FIG. 3(color). Temperature dependence ofc-axis ac suscepti-
bility xc (top), rab (middle), andrc (bottom) at several pres-
sures in the La222xSr112xMn2O7 (x ­ 0.3) crystal.

Tc is reduced with the increase of pressure. Under t
pressure of 11 kbar therab shows no drop aroundTc

but dull temperature dependence characteristic of the
metallic state (like the one aboveTc at 0 kbar) down to
the lowest temperature. A similar feature is observ
in the pressure effect onrc. These results sugges
that the 3D spin-ordered state at low temperatures
suppressed and changes to a more 2D-like ferromagn
state by applying pressure. In other words, the (inheren
short range) 2D spin ordering is likely to extend dow
to the lowest temperature under high pressures, wh
sensitively affects the charge transport, as observed.

Although the accurate knowledge about the spin stru
ture must be obtained by neutron scattering measu
ments, we may have, from the aforementioned results,
following scenario for the interrelation between the in
terplane magnetic coupling and the charge transport.
ambient pressure, the interlayer canted spin correlat
between adjacent MnO2 bilayers evolves atTc , 90 K.
With further decrease of temperature, the antiferroma
netic (AF) interplane coupling appears atTN , 60 K,
dominating over the interplane ferromagnetic (F) co
pling. The low-temperature phase of this system m
consist of mostly AF and some F static order betwe
the adjacent MnO2 bilayers. The interlayer coupling, in
particular the AF one, is appreciably suppressed by a
plication of pressure, which results in the realization
3722
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the 2D-like electronic and magnetic system down to lo
temperatures.

For an origin of the pressure effect on the interlaye
coupling, we may need to consider the orbital degrees
freedom of theeg-like conduction electrons. Since the
orbital characters strongly couple with lattice, the structur
change by the application of pressure may reflect on t
change in the orbital state. In a La222xSr112xMn2O7 (x ­
0.4) sample, Argyriouet al. [9] observed a considerably
larger change in the Mn-O apical bond length than that
the Mn-O inplane bond length of MnO6 octahedron by the
application of hydrostatic pressure. The results sugge
that the application of hydrostatic pressure changes t
orbital state through such an anisotropic change in t
Mn-O bond length in bilayered manganites. Recentl
Ishiharaet al. [13] have studied theoretically the pressur
effect on the spin and orbital states in the bilayere
manganite, taking account of the anisotropic change
the Mn-O bond length. Considering the energy differenc
between 3dx22y2 and 3d3z22r2 orbitals in the pressure-
deformed lattice, they showed that the applied pressure c
weaken the interlayer charge and spin couplings throu
the stabilization of the 3dx22y2 orbital. The change of the
orbital character may thus be responsible for the observ
pressure effect on the interlayer coupling in the bilayere
manganite.

The field dependencies ofrab and rc have been
measured withH k c at 4.2 K under several pressures
as displayed in the upper and lower panels of Fig.
respectively. For these measurements, the crystals w
slowly cooled from room temperature to 4.2 K at 70 kOe
and then magnetic fields were swept cyclically. Both th
rab and rc rapidly decrease with increasing magneti
fields, and become nearly constant above the satu
tion field Hsat , 2 kOe. The large difference between
the interplane (rc) and inplane (rab) MR at ambient
pressure, [rc(0 kOed 2 rc(8 kOe)]yrc(8 kOed , 490%
for the CPP (current-perpendicular-plane) geometry
[rab(0 kOed 2 rab(8 kOe)]yrab(8 kOed , 25% for the
CIP (current-in-plane) geometry, has been ascribed
the presence of the interplane TMR process for the CP
configuration [8]. Namely, thec-axis transport of the
spin-polarized electron is blocked at the insulating bloc
accompanying the AF-type coupling between the adjace
MnO2 bilayers, but the magnetization process remove
such AF-coupling boundaries and allows the interplan
tunneling of spin-polarized electrons. In addition, w
have observed the nonlinearI-V characteristics inrc [14],
suggestive of a FMyIyFM tunneling process.

The most striking feature presently observed is that th
magnitude of the interplane MR is drastically enhanced u
to ,4000% by applying pressure (Fig. 4). This is becaus
rc values at zero field remarkably increase by hig
pressure while remaining nearly pressure independent
H $ Hsat [see and compare Fig. 3(a) with (b)].Hsat is
increased slightly (up toø4 kOe) with the increase of
pressure. Taking account of the above discussion, such
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FIG. 4(color). Inplane resistivityrab (upper) and interplane
resistivityrc (lower) as a function of a magnetic field withH k
c at 4.2 K under several pressures in the La222xSr112xMn2O7
(x ­ 0.3) crystal. The measurements were performed aft
the sample was once cooled under 70 kOe. The scale of
right ordinate is the MR ratio for 11 kbar data, as given b
[rs0 kOed 2 rs8 kOedgyr(8 kOe).

enhanced MR effect can be closely related to the reduct
of the interplane magnetic coupling. The application
pressure appears to suppress not only the interplan
coupling but also the interplane AF one, in contrast
the previous observation in magnetic multilayers [15
that the interlayer AF coupling enhances the CPP-M
effect. The weakly pressure-dependentrc at H $ Hsat

suggests that the pressure effect onrc is small in the
absence of the magnetic domain boundaries. By contra
at low temperatures (#Tc) rc shows strong pressure
enhancement at zero field. This indicates that conduct
electrons moving along thec axis in the pressure-induced
2D FM state suffer from even stronger scattering than
the weakly AF-coupled state at ambient pressure.

In the real material, magnetic domains are prese
within each ferromagnetic MnO2 bilayer below TN at
ambient pressure. The regions of the interplane A
alignment are therefore incorporated with local regions
the interplane F alignment. The regions of the interpla
F alignment which remain as defects in the interplan
AF alignment, are hence likely to reducerc and lead
to the relative decrease in the interplane MR. (Th
microscopic current path for the measurement ofrc

must be highly inhomogeneous.) The suppression of
interplane coupling by applying pressure, may decoup
these defects of the F alignment, and cause the increas
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the resistivity at zero field. AtH $ Hsat the decoupled
spin domain of each MnO2 bilayer is aligned along the
field direction, which can be viewed as the transition from
the 2D ferromagnetic (paramagnetic along thec axis) to
the 3D ferromagnetic state. In fact, such an electronic
dimensional crossover is also manifested in an enhance
inplane MR (CIP-MR) under pressures (see the uppe
panel of Fig. 4). This arises from the fact that the 2D FM
state is a highly diffuse metal as seen inrab-T curves at
11 kbar of Fig. 3. This enhanced inplane MR thus reflects
the deconfinement transition of the spin-polarized carrier
being reminiscent of the spin-valve effect [16].

In summary, we have performed magnetic and trans
port measurements under pressures to investigate the e
fect of the interplane coupling in layered manganites
La222xSr112xMn2O7 (x ­ 0.3) with the quasi-2D ferro-
magnetic metallic state. In this system, the antiferromag
netic interplane coupling is dominant at low temperatures
under ambient pressure. However, the application of pres
sure has enabled us to systematically weaken the interpla
magnetic coupling, making the charge-transport more 2D
like. As a result, the interplane tunneling MR is en-
hanced up to,4000% at ø10 kbar and 4.2 K, reflecting
the field-induced 2D-3D crossover of the ferromagnetic
metallic state. This is because the 2D-like conduction o
the nearly fully spin-polarized carriers within the magneti-
cally interplane-decoupled MnO2 bilayers is highly diffuse
or incoherent perhaps due to the coupling with phononic
and/or orbital excitations.
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