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Pressure-induced changes in transport properties of layered La1.2Ca1.8Mn2O7
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~Received 14 July 1997!

The transport properties of a single crystal of La1.2Ca1.8Mn2O7 with the layered Sr3Ti2O7-type perovskite
structure have been studied under hydrostatic pressures of up to;9 kbar. It is found that La1.2Ca1.8Mn2O7

undergoes a first-order phase transition from a paramagnetic insulating to a low-temperature ferromagnetic
metallic state which is accompanied by a large decrease in the electrical resistivity. At ambient pressure the
magnetic phase transition takes place atTc5242 K and as the external pressure is applied the critical tem-
perature increases linearly at a rate of 1.1 K/kbar. The present results reflect the competition between double
and superexchange resulting from two-dimensional Mn-O-Mn networks and can be interpreted in terms of the
exchange striction model.@S0163-1829~97!51044-7#
ul

-
e
t

he

na

ti
an

m
s
in
s

gt
an

it
e

po

th
ar

a
er
ry
nd
rn

ks

e

posi-
is a

ur-
ped
ents
ro-

as
ture

nd a

y

The two-dimensional material La1.2Ca1.8Mn2O7 belongs
to the series of perovskite oxides with the general form
(R12xAx)n11MnnO3n11 , whereR is a rare-earth ion andA
is a divalent cation. Doping withA introduces a mixed va
lence of Mn31 and Mn41 ions creating the conditions for th
appearance of a metallic state due to coupling between
charge carriers and localized spin moments.1,2 The general
formula implies that the structure is composed of t
(R12xAx)2O2 NaCl-type block layers separated byn MnO2

sheets.3 Then5` case corresponds to the three-dimensio
structure of the (R12xAx)MnO3 perovskites, which have
been extensively studied recently due to the large nega
magnetoresistance occurring near the magnetic phase tr
tion.

The layered structures with finiten present the possibility
of studying anisotropic exchange with basically the sa
interactions in the (R12xAx)2O2 layers. Separating the layer
by a different number of MnO2 sheets can lead to a change
the ground state of the electronic system. For the serie
(La12xSrx)n11MnnO3n11 perovskites the single-sheet (n
51) compound~a K2NiF4-type structure! is a nonmetallic
ferromagnet4,5 while the double-sheet~La12xSrx)3Mn2O7, x
50.6 ~a Sr3Ti2O7-type! is a conducting ferromagnet.3,6 Re-
cently, it was found that the pressure variation of the len
of the distinguishable manganese-oxygen bonds within
between MnO2 sheets have different signs.7 This conclusion
is in contrast to that found for three-dimensional perovsk
structures where the pressure-driven changes in structur
sult in a tilting of the ‘‘rigid’’ MnO6 octahedra.8,9 In this
paper we report on the effect of pressure on the trans
properties of the (La12xCax)n11MnnO3n11 (x50.6) com-
pound.

Single crystals of La1.2Ca1.8Mn2O7 were grown from
polycrystalline rods in an infrared image furnace using
floating-zone method. The precursor materials were prep
by mixing stoichiometric amounts of La2O3, CaCO3, and
MnO2. The powder was ground and calcined twice
1350 °C for 16 h and then pressed into rods which w
sintered at 1370 °C for 16 h. To characterize the single c
tals a tiny piece of crystal was ground to powder a
checked with x-ray diffraction. The x-ray diffraction patte
560163-1829/97/56~20!/12688~3!/$10.00
a

he

l

ve
si-

e

of

h
d

e
re-

rt

e
ed

t
e
s-

for the powder is presented in Fig. 1. The diffraction pea
are indexed with respect to the Sr3Ti2O7-type structure. The
space group isI4/mmm with the lattice parameters of th
tetragonal unit cell beinga53.844 Å andc519.131 Å.
Good agreement between the calculated and observed
tions and intensities of the lines indicates that the sample
single phase of the Sr3Ti2O7 type.

The electrical resistivity was measured by standard fo
point technique with the contacts glued on a bar-sha
sample with silver-based epoxy. The pressure measurem
were performed in a CuBe pressure cell with a fixed hyd
static pressure of up to 9 kbar. Fluorinert FC-77 was used
a pressure-transmitting medium. Pressure and tempera
were measured using a calibrated manganin sensor a
Cernox resistor CX-1030-AA, respectively.

The temperature dependencies of the ac susceptibilitx

FIG. 1. X-ray diffraction pattern of a La1.2Ca1.8Mn2O7 powder
sample.
R12 688 © 1997 The American Physical Society
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and electrical resistivityr are presented in Fig. 2. The shar
change in the temperature behavior ofr indicates that the
sample undergoes a phase transition at 242 K on hea
from a low-temperature metallic to high-temperature sta
with an activated temperature dependence. A temperat
hysteresis discovered during cooling-heating runs shows t
the phase transition is of the first order. The decrease inx
around 250 K marks a transition from a magnetically order
to a paramagnetic state~PM!. The value of x55.8
31022 emu/g is of the same order of magnitude as the
susceptibilities of the ferromagnetically ordered Ca-dop
manganese perovskites Pr12xCaxMnO3 ~Ref. 10!, which in-
dicates that the low-temperature phase is ferromagne
~FM!. A positive value for the Curie-Weiss temperatureQCW
extracted fromx21 vs T above the Curie temperature als
suggests that the system orders ferromagnetically. Intere
ingly, the three-dimensional La0.4Ca0.6MnO3 is an antiferro-
magnetic insulator,11 while La1.2Ca1.8Mn2O7 with the same

level of Ca doping, i.e., Mn31/Mn4152
3, is a metallic ferro-

magnet. Thus, the character of low-temperature ordering c
be switched from antiferromagnetic to ferromagnetic by i
troducing some extra sheets of MnO2 into the perovskite
structure. The phase transition to the ferromagnetic phas
accompanied by a sharp decrease in electrical resistivity
Tc5242 K ~Fig. 2!. This enabled us to determine the Curi
temperature by the maximum of the temperature derivat
of the resistivity. Such coincident magnetic and associat
electronic transitions are common in magnetoresistive ma
rials. They have already been observed in three-dimensio
Ca-doped La12xCaxMnO3 ~Ref. 11! and in layered
~La12xSrx)3Mn2O7 compounds.3,6,12This is in contrast to the
results on La1.5Ca1.5Mn2O7, where the insulator-metal phase
transition occurs some 120 K below the magnetic pha
transition.9

A set of the curves presenting the temperature depende
of r for heating runs at several pressures is shown in Fig.

FIG. 2. Temperature dependence of the ac susceptibilityx and
electrical resistivityr at ambient pressure~data collected during a
heating run!.
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It should be noted that because of differences in the ther
expansion coefficients of the pressure-transmitting med
and the pressure cell, the pressure inside the cell decreas
the temperature is lowered. The actual pressure at a g
temperature can be calculated from the electrical resisti
of the calibrated manganin sensor. The curves in Fig. 3
marked according to the starting pressures of 0, 3, 5, 6,
9 kbar at room temperature. The applied pressure reduce
electrical resistivity in the high-temperature paramagne
state; however,r is almost pressure independent in the m
tallic ferromagnetic region. This results in a decrease in
change in resistivity which accompanies the magnetic ph
transition. In the inset in Fig. 3 we present the pressure
pendence ofDr which is the difference between the resisti
ity rT5260 K in the paramagnetic phase at 260 K a
rT5210 K in the ferromagnetic state at 210 K.Dr decreases
linearly with applied pressure giving the ratiod(Dr)/dP
527.431024 (V cm!/kbar. Such a decrease in resistivi
can be related to the anisotropic compressibility found
cently in the layered La1.2Ca1.8Mn2O7 compound, which ex-
hibits a similar magnetic phase transition.6,7 There are two
distinguishable Mn-O bonds parallel to the fourfoldc axis of
the I4/mmm symmetry group. One of them binds the M
atom of the MnO2 plane to the oxygen ion within the plan
@Mn-O~1!#, while the other binds the Mn atom to an oxyge
ion located between the planes@Mn-O~2!#. When hydrostatic
pressure is applied to the sample in the high-tempera
paramagnetic state, the Mn-O~1! bonds contract while the
Mn-O~2! bonds expand.7 This can lead to an increased ove
lap between the adjacent electronic orbitals of mangan
ions in MnO2 planes. We suggest that the above mechan
is responsible for the enhanced ‘‘in-plane’’ conductivity.

The results of the present study are summarized in

FIG. 3. Temperature dependence of the electrical resistivityr at
different pressures. Inset:Dr5rT5260 K2rT5210 K vs pressure; ac-
tual pressure is calculated atT5260 K.
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magneticP-T phase diagram of La1.2Ca1.8Mn2O7 presented
in Fig. 4. The Curie temperatureTc increases under applie
pressure at a rate of 1.1 K/kbar for cooling as well as
heating runs. A qualitative explanation of the positive pr
sure dependence of the Curie temperature can be give
terms of the exchange striction model recently discusse
Ref. 7. Using the neutron diffraction data f
La1.2Ca1.8Mn2O7 under pressure, Argyriouet al. have shown
that at low temperatures the spins of neighboring manga
atoms are ordered ferromagnetically within each MnO2 plane
but exhibit a nonzero cant angleQ for the coupling between
planes.

FIG. 4. Magnetic pressure-temperature phase diagram
La1.2Ca1.8Mn2O7. The actual values of pressure are calculated atTc.
.
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The canted magnetic order arises from the competit
between the interactions provided by thet2geg electronic
configuration of the Mn atoms. The electrons in the ha
filled t2g band are localized near the Mn ion sites and pa
ticipate inantiferromagneticp bonding. Theeg electrons are
hybridized with the oxygen 2p states creating chemical Mn
O-Mn bonds. Chemical substitution of La31 by divalent Sr21

introduces Mn41 ions into the lattice and holes into theeg
band. This double exchangee1-ps-e0 interaction between
the Mn31 and the Mn41 ions favors aferromagneticspin
coupling. Compressibility data for La1.2Sr1.8Mn2O7 reveal
that belowTc the compressibilities of the Mn-O~1! and Mn-
O~2! bonds reverse their signs. The Mn-O~2! bond contracts
under applied pressure while the Mn-O~1! bond expands,
adjusting its length to preserve the equilibrium bond-leng
sum for the manganese ion. Due to the larger overlap integ
for thee1-ps-e0 component, thes-bonding interactions tend
to align the magnetic moments in the neighboring layers f
romagnetically decreasing the cant angleQ under pressure.
This leads to an increase in the magnetic moment on
sites and to a positive value ofdTc /dP that we observe in
La1.2Ca1.8Mn2O7.

In conclusion, we have presented results on the transp
properties of layered perovskite La1.2Ca1.8Mn2O7 under pres-
sure. We have found that La1.2Ca1.8Mn2O7 is a ferromagnet
below Tc5242 K at ambient pressure. The magnetic pha
transition to a ferromagnetic phase is accompanied by a la
decrease in the electrical resistivity. Applied pressure low
the electrical resistivity in the paramagnetic phase due to
anisotropic compressibility of the two-dimensional Mn
O-Mn networks. The magneticP-T phase diagram has bee
presented showing a positive pressure dependence of the
rie temperature. These phenomena can be understoo
terms of the exchange striction model.

This work was supported by EPSRC Grant No. G
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