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Pressure effects on the transport and magnetic properties of La1.4Sr1.6Mn2O7
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The effects of external~hydrostatic! pressure and internal~chemical! pressure on the transport and magnetic
properties of the La1.4Sr1.6Mn2O7 are investigated. Both metal-insulator transition temperatureTm and Curie
temperatureTC increase with the increase of external pressure. In contrast, theTm andTC decrease with the
increase of Ca content in La1.4~Sr12xCax)1.6Mn2O7 (x<0.3), where the internal pressure is supposed to be
introduced. External pressure enlarge the ferromagnetic metal phase through the pressure-enhanced transfer
interaction of the charge carriers. The Mn-O-Mn bond angle remains almost unchanged with the increase of Ca
content which is in sharp contrast to the La12xSrxMnO3 system. The Mn-O~3! bond length is decreased by the
external pressure while increased by the internal pressure. It is interpreted that the opposite behaviors ofTm

andTC for external and internal pressures are due to the different variations of Mn-O~3! bond length. All other
results are discussed and compared with those in the~La,Sr!MNO3 system.@S0163-1829~98!06642-9#
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I. INTRODUCTION

The discovery of huge negative magnetoresistance,
termed colossal magnetoresistance~CMR!, in the doped
manganites (R,A)MnO3 (R5La, Pr, Nd, etc.;A5Ca, Sr,
Ba, Pb! with a perovskite structure has become a subjec
intense interest.1–4 The increased interest in the study
these systems arises from the high correlation between
structural, transport, and magnetic properties atTC ,the Curie
temperature.5,6 Recently, large magnetoresistance has b
observed in other crystal structures, namely, the pyroch
Tl2Mn2O7 ~Refs. 7 and 8! and layered (Nd,Sr!3Mn2O7.

9

The ~La,A)3Mn2O7 is a member of the family
(La,A)n11MnnO3n11 (A is the alkaline earth metal!, where
n is the number of perovskite layers. In this paper we ha
chosen the La1.4Sr1.6Mn2O7 composition ~in which the
Mn41/Mn3153/7! for our investigation, because in th
La0.7Sr0.3MnO3 systemTC is maximum for the same value o
Mn41/Mn31 ~53/7!.

Moritomo, Asamitsu, and Tokura10 reported that high
pressure, which effectively increases the electron transfe
teraction or the one-electron bandwidthW, is a powerful tool
for investigation of the electronic and magnetic properties
strongly correlated3d-electron systems. Application of pres
sure affects the electronic properties, especially near
insulator-metal~IM ! phase boundary.11–14 In an extreme
case, a pressure induced metallic phase persists down to
temperature, as demonstrated in the PrNiO3 ~Refs. 11, 12!
and V2O3.

13 In this class of compounds, the pressure
creased itineracy of the carriers is expected to influence
magnetic properties as well. One of the demonstrative
amples is the pressure effect on a prototypical Mott insula
LaTiO31d/2.

15 The application of pressure increases the N´el
temperatureTN in a filling (n512d, wheren is the band
PRB 580163-1829/98/58~18!/12224~6!/$15.00
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filling and d is the hole concentration! dependent manner
suggesting a crossover behavior from localized to itiner
magnetism with increasingd. Important quantities that gov
ern the electronic as well as magnetic properties are the
electron bandwidth (W) of the eg band and the on site ex
change interaction~Hund coupling;J) between the itineran
eg electron and the localt2g spin.1,16 Another important pa-
rameter in these perovskites (ABO3) is the average ionic
radius of theA site, ^r A&. In several perovskites, the overla
betweenB-site d orbitals and oxygenp orbitals forms the
electronically active band and this overlap can be stron
influenced by the internal pressure generated byA-site sub-
stitution with ions of different radii.17 On the other hand,
Mn-O-Mn bond angle also plays a crucial role in th
(La,A)MnO3 compounds18,19 and which is in the 155°–170°
range in these perovskites.20,21 Argyriou et al. reported that
Mn-O-Mn bond angle in La1.2Sr1.8Mn2O7 is about 180° and
it does not change with hydrostatic pressure.22 Very recently,
Kimura, Asamitsu, Tomioka, and Tokura23 have studied the
external pressure effect on the magnetic and transport p
erties of the same composition (La1.4Sr1.6Mn2O7) and they
have discussed that the application of pressure weakens
interplane magnetic coupling. Therefore it will be interesti
to study the effects of internal pressure on the bond len
and bond angle, subsequently, on the electrical and magn
properties of La1.4Sr1.6Mn2O7 and compared to those carrie
out by external pressure. Here, the internal pressure is in
duced by doping Ca on the Sr site, i.e., by changing^r A&,
keeping Mn41/Mn31 ratio fixed.

II. EXPERIMENTAL DETAILS

La1.4(Sr12xCax)1.6Mn2O7 (0<x<0.3)samples were pre
pared by standard solid-state reaction method. Stoichiome
12 224 ©1998 The American Physical Society
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mixtures of high-purity oxides La2O3, SrCO3, CaCO3, and
MnO2 were first calcined in air at 900 °C for 12 h, and r
ground and fired in air at 1200 °C for 12 h. Then, the o
tained powder was pressed into pellets and sintered in a
1400 °C for 24–48 h with intermediate grindings for thr
times. Powder x-ray diffraction data were obtained using
EMENS D5000 diffractometer with Cu Ka radiation at room
temperature. Structural parameters were refined by the
etveld method, using the programGSAS.24 The resistivity was
measured on samples of rectangular parallelepipeds of
proximate dimensions 0.53237 mm3 using standard four-
probe method. ac magnetic susceptibility was measured
mutual induction method using low frequency~;30 Hz!.
Data on the hydrostatic pressure dependence of resist
and ac magnetic susceptibility in La1.4Sr1.6Mn2O7 were taken
up to 17 kbar using the piston cylinder self-clamped te
nique. 3M inert fluid was used as pressure transmitting fl
with superconducting Pb manometer. In each instance,
original value was reproduced after the pressure relea
within experimental error indicating complete reversibility
the pressure effect.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the temperature variations of resistiv
and ac susceptibility of the La1.4Sr1.6Mn2O7 sample. It is
found that, with decreasing temperature resistivity increa
and becomes maximum at a temperature,Tm (108 K!,
whereTm is denoted as metal-insulator transition tempe
ture. When the temperature is further decreased belowTm ,
the resistivity also decreases. In the temperature variatio
ac susceptibility (xac) curve, two small peaks are found b
tween 200 and 300 K. With further decrease of temperatu
transition from paramagnetic to ferromagnetic occurs.
have defined the inflection point of thexac-T curve asTC ~90
K!, the Curie temperature. The electrical and magnetic pr
erties of this La1.4Sr1.6Mn2O7 compound can be basically un
derstood on the basis of double exchange interac
theory.25,26 According to this theory, these magnetic mang

FIG. 1. Temperature variations of the ac susceptibility (xac) and
resistivity ~r! of the La1.4Sr1.6Mn2O7 sample.Tm and TC are, re-
spectively, the metal-insulator transition temperature and C
temperature. We have defined the inflection point of thexac-T
curve asTC .
-
at

I-

i-

p-

by

ity

-
d
he
ed

y

es

-

of

a
e

p-

n
-

nese oxide compounds have Mn31and Mn41 ions and these
ionic states fluctuate due to electron transfer between th
As a result of this electron transfer, antiferromagnetica
ordered manganese spins cant, and both magnetization
metallic conductivity appear simultaneously. The magneti
tion increases as the canting angle~an antiparallel alignmen
of moments in the antiferromagnetic state has been take
zero canting! decreases.27 The two small peaks appeared
200–300 K of the ac susceptibility curve for the prese
La1.4Sr1.6Mn2O7 compound are consistent with those o
served by MacChensey, Potter, and Sherwood28 in
La1.33Sr1.66Mn2O7 polycrystalline sample and by Mitche
et al.29 in La1.2Sr1.8Mn2O7 single crystal. MacChensey, Po
ter, and Sherwood speculated that spin correlation aboveTC
might be intrinsic to this class of two-dimensional materia
Moritomo et al.30 likewise claimed that two-dimensiona
spin correlation is responsible for the moment they obser
in La1.2Sr1.8Mn2O7 single crystal at temperature aboveTC .It
is to be noted that these small peaks are absent in dc sus
tibility with applied field 1 kOe in the presen
La1.4Sr1.6Mn2O7 system. So, these peaks might be due to
short range or very weak canting ordering.

The temperature variations of resistivity and ac susce
bility of La1.4Sr1.6Mn2O7 with different pressures are show
in Fig. 2. It is found that with increasing pressure, bo
Tmand TC increase and the electrical resistivity decreas
This illustrates that the application of pressure enlarges
ferromagnetic metal phase through the pressure enha
transfer interaction of the charge carriers. Moritom

ie

FIG. 2. Temperature variations of resistivity~upper panel! and
ac susceptibility~lower panel! of the La1.4Sr1.6Mn2O7 sample under
different hydrostatic pressures. Inset: pressure effect on the s
peaks found in the ac-susceptibility curve between 200 and 30
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12 226 PRB 58C. F. CHANGet al.
Asamitsu, and Tokura10 and Itoh et al.31 found the similar
positive pressure effect on the La12xSrxMnO3 compounds.
The variations ofTm and TC of the La1.4Sr1.6Mn2O7 com-
pound with pressure are shown in Fig. 3. TheTm andTC are
fairly linear with applied pressureP in the studied range
<17 kbar. The pressure coefficient (d ln TC /dP) estimated
from the slope in Fig. 3 is about 0.018 kbar21.This pressure
coefficient is larger than that observed by Moritom
Asamitsu, and Tokura10 for the La12xSrxMnO3 which varies
from 0.0005 to 0.0065 kbar21 depending on the hole concen
tration (x) and with increasingx the pressure coefficient de
creases. This is in reasonable agreement with that obse
by Laukhin et al.32 that the samples having higherTC are
less sensitive to pressure than those of lowerTC . The small
peaks in the ac susceptibility curve of the present system
shifted towards higher temperature with increasing press
~shown in the inset of Fig. 2!. It is worth mentioning that the
values ofd ln TC /dP andd ln Tm/dP are somewhat differen
~Fig. 3!. It may suggest that the double exchange interac
cannot completely explain both the metal-insulator a
ferromagnetic-paramagnetic transitions in La1.4Sr1.6Mn2O7.

In order to study the chemical pressure effect
La1.4Sr1.6Mn2O7 compound, La1.4~Sr12xCax)1.6Mn2O7 with
x50.0, 0.1, 0.2, and 0.3, samples are synthesized and c
acterized by powder x-ray diffraction. The diffraction pa
terns shown in Fig. 4 indicate clean single phase asx<0.3.
Figure 5 shows the variation of the lattice parametersa, c,
and volumeV with Ca content. The decrease ofa, c, and V
with x in La1.4(Sr12xCax)1.6Mn2O7 following Vegard’s law
indicates the same crystal structure for the four studied c
pounds. Figure 6 shows the temperature variations of re
tivity and ac susceptibility of the La1.4(Sr12xCax)1.6Mn2O7
for x50, 0.1, 0.2, and 0.3. With increasing Ca content,
TC andTm values decrease. It is also found from Fig. 6 th
r(T) above the transition is virtually identical for all th
samples, the only difference being that the magnitude slo
increases with increasing Ca content. This suggests tha
nature of charge transport in the nonmetallic state aboveTm
is almost the same. In both Figs. 2 and 6 it is found that
higher theTC , the higher the conductivity. This means th
the metallic and ferromagnetic properties originate mai

FIG. 3. The variations ofTm ~j! and TC ~d! of the
La1.4Sr1.6Mn2O7 sample with external pressure (P). The lines are
the linear fits to the data points.
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FIG. 4. X-ray diffraction pattern for the
La1.4~Sr12xCax)1.6Mn2O7 system withx50, 0.1, 0.2, and 0.3. The
Miller indices refer to the space groupI4/mmm.

FIG. 5. The variations of lattice parameters (a,c) and cell vol-
ume (V) with Ca contentx. The lines are guides to the eye.
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from the same physical mechanism. Several groups18,33,34

have already studied the variations of magnetic and trans
properties at constant doping level by varying theA-site cat-
ion composition in the~La,Sr!MnO3 system. Hwanget al.19

also observed thatTC decreases with increase of Pr conte
in the La0.72xPrxCa0.3MnO3 and Y content in the
La0.72xYxCa0.3MnO3 compounds. From all the
studies,18,19,33,34it is found that a metal-insulator transitio
can be induced by decreasing the averageA-site ionic radius
^r A&. TC varies by more than a factor of 2 as a function
^r A&, and for the Mn41/Mn31 ratio of 3/7, it displays a maxi-
mum corresponding to the composition La0.7Sr0.3MnO3. This
effect has been discussed by majority of the authors in te
of a variation of electronic bandwidthW as a function of
chemical pressure, with the main focus being on the in
ence of Mn-O-Mn bond angle onW. The Mn-O-Mn bond
angle decreases as a function of decreasing^r A&, which
would account for the general trend of decreasingTC with
this parameter~the metallic phase is stabilized with larg
values ofW!. It is also found that the smaller peaks in
susceptibility curve~Fig. 6! are shifted towards lower tem
perature with increasing the internal pressure. The variat
of Tm andTC with Ca content are shown in Fig. 7. Similar
Fig. 3, these variations are not exactly parallel to each ot

We can explain theTC variation of the present system
based on the reduction ofW with the increase of Ca conten
For perovskite compounds with general formulaABO3, it is

FIG. 6. Temperature variations of resistivity~upper panel! and
ac susceptibility~lower panel! of the La1.4~Sr12xCax)1.6Mn2O7 sys-
tem with x50, 0.1, 0.2, and 0.3. Inset: temperature variations
resistivities forx50 and 0.1 are shown in extended scale.
rt
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a straightforward result from tight-binding approximatio
that W depends on both theB-O-B bond angles andB-O
bond lengths, through the overlap integrals between3d or-
bital of the metal ionB and the2p orbital of the O anion. The
following empirical formula has been used to describe
double dependence:35

W}cosv/~dB-O!3.5, ~1!

wherev5 1
2 (p2^B-O-B&)anddB-O is theB-O bond length.

In our caseB stands for Mn. Assuming thatT
C

is very sen-
sitive to smallW variations, Radaelliet al.18 have found that
W is solely responsible for the metal-insulator transitio
From the refinement data of the present Ca doped syste
is found that with increase of Ca content, the average M
O-Mn bond angle remains almost unchanged~Fig. 8!. Simi-
lar phenomena have been observed in the La1.2Sr1.8Mn2O7
system where external pressure was introduced.22 This is in
contrast to the La12xSrxMnO3 system where application o
both external pressure and internal pressure changes
O-Mn bond angle.18 Moreover, the value of bond angle ob
served from refinement data is about 180° which implies t
in La1.4(Sr12xCax)1.6Mn2O7 size match is perfect. This ca
also be verified from the ‘‘tolerance factor’’ calculation. It
a geometrical quantity defined ast85(dA-O)/A2(dMn-O).
The factor t8 is a simple characterization of the size mi
match that occurs when theA-site ions are too small to fill
the space in the three-dimensional network of MnO6 octahe-
dral. For a perfect size matcht851. From the refinemen
analysis we have obtained the averagedA-O52.669 Å, 2.645
Å, 2.683 Å, and 2.615 Å, and the averagedMn-O51.96Å,
1.989 Å, 1.988 Å, and 2.043 Å, respectively, forx50, 0.1,
0.2 and 0.3. Forx50 sample~in which casedA-O52.669 Å
anddMn-O51.96 Å! the value oft8 is estimated to be 0.963
For the other samples also the value oft8 is nearly 1. Figure
8 also shows that the average Mn-O bond length increa
with the increase of Ca content~chemical pressure! in the
present La1.4Sr1.6Mn2O7 system. This is similar to that ob
served in La12xSrxMnO3.

18 The effect of increasing Mn-O
bond length is to decreaseW. It has already been mentione
that according to the double exchange model, the dou
exchange interaction is proportional toW. Therefore, asW
decreases, the double exchange interaction also decre

f

FIG. 7. The variations ofTm ~j! and TC ~d! of the
La1.4Sr1.6Mn2O7 sample with Ca contentx. The liens are the linear
fits to the data points.
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12 228 PRB 58C. F. CHANGet al.
and as a consequenceTC of the present La1.4~Sr,Ca!1.6Mn2O7

system decreases.
To discuss more specifically, we have shown the va

tions of different bond lengths with Ca content~chemical
pressure! of the present La1.4~Sr12xCax)1.6Mn2O7 in Fig. 9.
It is found that with increase of chemical pressure Mn-O~1!
bond length decreases and Mn-O~2! bond length increase

FIG. 8. The variations of average Mn-O bond length and M
O-Mn bond angle, which are derived from Rietveld analysis
La1.4~Sr12xCax)1.6Mn2O7 with x at room temperature.

FIG. 9. The variations of Mn-O bond lengths i
La1.4~Sr12xCax)1.6Mn2O7 with Ca content at room temperatur
Lines are weighted least-squares fits to the data.
-

which is similar to those observed in La1.2Sr1.8Mn2O7 com-
pound where external pressure was introduced.22 But, in
La1.2Sr1.8Mn2O7 compound Mn-O~3! bond length decrease
with the increase of external pressure, whereas in the pre
case Mn-O~3! bond length increases with the increase of
ternal pressure. Therefore, the opposite behaviors of exte
pressure effect and chemical pressure effect should be du
the fact that Mn-O~3! bond length decreases with the in
crease of external pressure whereas it increases with th
crease of chemical pressure.

We have already mentioned that the external pressure~in-
ternal pressure! increases~decreases! the Tm and TC at the
slightly different rate~Figs. 3 and 7!. If double exchange
interaction is the only origin of both metal-insulator an
ferromagnetic-paramagnetic transitions, rates of the va
tions ofTm andTC with pressure are supposed to be exac
equal. Therefore, other than the double exchange me
nism, the possibility of some other minor reasons should
considered. Moreover, according to the most recent theo
ical discussion, it appears that, in addition toW, another
energy scale acts as an essential ingredient in the descri
of this system, namely the Jahn-Teller energyTJT. For in-
stance, Millis, Shraiman, and Mueller36 have proposed a gen
eralized phase diagram of the manganites at constant do
x;0.3, as a function of reduced temperatureT/t (t is the
electron hopping parameter, which is proportional toW!, and
of the electron-phonon couplingl5EJT/t. Therefore, pos-
sible variation ofEJT as a function of chemical or externa
pressure effect cannot be ruled out.

IV. CONCLUSION

We have studied the external and the chemical~internal!
pressure effects on the resistivity and the ac susceptib
of the La1.4Sr1.6Mn2O7 sample. BothTm and TC increase
with the external pressure but decrease with chem
pressure which is introduced by Ca doping
La1.4~Sr12xCax)1.6Mn2O7. It is found that the higher theTC
the higher the conductivity which implies that metallic an
ferromagnetic properties originate mainly from the sa
physical mechanism. With the increase of Ca content
La1.4~Sr12xCax)1.6Mn2O7 (x up to 0.3!, the average Mn-
O-Mn bond angle remains almost unchanged in contras
that in La12xSrxMnO3 where application of both externa
pressure and internal pressure change Mn-O-Mn b
angle.29 Comparing the variations of Mn-O bond length
with the chemical pressure @doping Ca in
La1.4~Sr12xCax)1.6Mn2O7] and with the external pressure i
La1.2Sr1.8Mn2O7,

22 it is concluded that the opposite extern
pressure and internal pressure effects onTM andTC might be
due to the fact that Mn-O~3! bond length decreases whe
external pressure is introduced but increases with inte
pressure. The metal-insulator and paramagne
ferromagnetic transitions can be explained fairly well w
the double exchange interaction between Mn31 and Mn41.
But, it cannot fully explain the variations ofTm and TC
~though the difference is small! with external and interna
pressure at different rates. Therefore some other minor
gins need also be considered.
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