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Sign Reversal of the Mn-O Bond Compressibility in La1.2Sr1.8Mn 2O7 below TC:
Exchange Striction in the Ferromagnetic State
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The crystal structure of the layered perovskite La1.2Sr1.8Mn2O7 has been studied under hydrostatic
pressure up to,6 kbar, in the paramagnetic and ferromagnetic states, with neutron powder diffraction.
The compressibility of the Mn-O apical bonds in the double layer of MnO6 octahedra changes sign
from the paramagnetic insulator (PI) to the ferromagnetic metal (FM) state; in the FM state the
Mn-O-Mn linkage between MnO2 planes expands under applied pressure, whereas they contract in
the PI state. This counterintuitive behavior is interpreted in terms ofexchange striction,which reflects
the competition between super and double exchange. An increase of the Mn moment with applied
pressure in the FM state is consistent with a positivedTCydP, as well as a cant angleu0 between the
magnetizations of neighboring MnO2 sheets that decreases with pressure. [S0031-9007(97)02513-1]

PACS numbers: 75.80.+q, 75.25.+z
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The physical properties of transition metal oxides a
particularly sensitive to pressure where an increase in t
overlap between oxygen-2p and cation-d orbitals induces
a transition from localized (or strongly correlated) to itiner
ant electronic behavior, as found in the perovskite PrNiO3
[1] and V2O3 [2]. Pressure affects magnetic propertie
where orbital degeneracies can lead to orbital ordering,
is illustrated by LaVO3 [3]. In mixed valent systems such
as in the double exchange ferromagnet La12xSrxMnO3,
both electronic and ferromagnetic transitions are couple
and pressure increases the Curie temperatureTC [4,5].
This is in sharp contrast to other itinerant perovskite sy
tems (e.g., SrRuO3) where application of pressure gener
ally leads to a suppression ofTC [6,7].

Recently, Moritomoet al. [8] have reported that the
layered Ruddlesden-Popper compound La1.2Sr1.8Mn2O7
is a ferromagnetic metal (FM) belowTC , 120 K and a
paramagnetic insulator (PI) above this temperature. Th
attribute the coupled electronic and magnetic transitions
TC to a double exchange coupling in Mn-O-Mn linkages
Application of magnetic field on this compound leads t
enhanced magnetoresistance (MR) (,20 000% at 129 K
in 7 T,,200% at 300 K in 0.3 T) with respect to a simi-
larly doped perovskite material (La0.825Sr0.175MnO3,
,200% in 7 T) [9]. In this paper we report the crysta
structure of the layered, perovskite related compou
La1.2Sr1.8Mn2O7 under hydrostatic pressure up to
,6 kbar, in both the PI and FM states. We demonstra
that of the two apical Mn-O bonds along thec axis,
one expands with pressure while the other contrac
Remarkably, the compressibilities of both of these bon
change sign on traversingTC. We argue that this unusual
finding is a manifestation ofexchange strictionand
predict that the compound is a canted-spin ferromagn
This finding dramatically demonstrates how metal-oxyge
bond strengths are modulated by metal-oxygen-me
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interactions. Furthermore, it is an unusual example of a
expansion of individual metal-oxygen bonds along an ax
that shows a normal decrease with pressure.

Crystals of La1.2Sr1.8Mn2O7 were melt grown in flow-
ing 20% O2 (balance Ar) in a floating zone optical image
furnace (NEC SC-M15HD). The sample exhibits a trans
tion from a paramagnetic insulator to a ferromagnetic met
at 120 K, in good agreement with the report of Moritomo
et al. [8]. Further details on the growth and characteriza
tion of this sample can be found elsewhere [10].

Time-of-flight neutron powder diffraction data were
collected on the Special Environment Powder Diffrac
tometer (SEPD) at Argonne’s Intense Pulsed Neutro
Source (IPNS) with the sample in a helium gas pressu
cell [11]. Diffraction data were obtained for a series o
pressures up to 6.5 kbar at 300, and 200 K in the par
magnetic state and 100 K in the ferromagnetic state.

Neutron diffraction patterns of La1.2Sr1.8Mn2O7 were
consistent with a tetragonal cell, space groupI4ymmm
at all pressures and temperatures. Powder diffraction p
terns were analyzed with the Rietveld method and the pr
gram GSAS [12]. For data measured at 100 K additiona
magnetic scattering was consistent with previous amb
ent pressure observations that the Mn moment lies with
the a-b plane in La1.2Sr1.8Mn2O7 [10]. Results of the
Rietveld analysis for data measured at 300 and 100 K
a function of pressure are given in Table I. The crysta
structure of La1.2Sr1.8Mn2O7 (Fig. 1) consists of double
perovskite layers, each layer made up of a two dime
sional network of MnO6 octahedra. The La,Sr atoms are
found between octahedra. Alternate perovskite bi-laye
along thec axis are misaligned with respect to each othe
as shown in Fig. 1.

A linear fit to refined lattice parameters as a functio
of pressure measured at 300, 200, and 100 K was used
compute the compressibility of La1.2Sr1.8Mn2O7 at these
© 1997 The American Physical Society
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TABLE I. Structural parameters for La1.2Sr1.8Mn2O7 at (a) 300 and (b) 100 K over the pressure range 0 to,6.5 kbar. The space
group used in the analysis of diffraction data wasI4ymmm. In this structure the Mn is placed ats0, 0, zd, LaySr(1) ats0, 0, 1y2d,
LaySr(2) ats0, 0, zd, O(1) ats0, 0, 0d, O(2) ats0, 0, zd, and O(3) ats0, 1y2, 0d. The Mn-momentmab at 100 K is given asmByMn.

T  300 K 0.08 kbar 1.54 kbar 3.12 kbar 4.62 kbar 6.21 kbar

a sÅd 3.87197(5) 3.87044(5) 3.86893(5) 3.86737(5) 3.86598(
c sÅd 20.1083(5) 20.1043(5) 20.0981(5) 20.0937(5) 20.0888(5
Mn z 0.0968(2) 0.0968(2) 0.0966(2) 0.0965(2) 0.0966(2)
LaySr(2) z 0.3173(1) 0.3176(1) 0.3175(1) 0.3176(1) 0.3175(1)
O(2) z 0.1957(2) 0.1961(2) 0.1963(1) 0.1962(1) 0.1959(2)
O(3) z 0.0952(1) 0.0950(1) 0.0950(1) 0.0951(1) 0.0947(1)

T  100 K 0.48 kbar 1.52 kbar 3.10 kbar 4.85 kbar 6.3 kbar

a sÅd 3.86706(5) 3.86602(5) 3.8649(5) 3.86305(5) 3.86124(
c sÅd 20.0475(5) 20.0463(5) 20.0423(5) 20.0366(5) 20.0326(5
Mn z 0.0966(2) 0.0967(2) 0.0968(3) 0.0970(3) 0.0971(3)

mab 2.51(7) 2.61(6) 2.68(6) 2.74(8) 2.80(6)
LaySr(2) z 0.3175(1) 0.3177(1) 0.3174(1) 0.3174(1) 0.3175(1)
O(2) z 0.1960(2) 0.1961(2) 0.1959(2) 0.1958(2) 0.1958(2)
O(3) z 0.0951(1) 0.0952(1) 0.0951(1) 0.0949(1) 0.0949(1)
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temperatures [shown in Fig. 2(a)]. Thea-axis compressi-
bilities remain almost constant with temperature, whil
the c-axis compressibility becomes more positive (les
compressible) with decreasing temperature. The com

FIG. 1. The crystal structure of La1.2Sr1.8Mn2O7 projected
along [010]. The unit cell is shown with a solid line.
e
s
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nation of thea- andc-axis compressibility thus results in
a volume compressibility that increases slightly with de
creasing temperature [Fig. 2(b)]. Thea-axis compressi-
bility is accounted for wholly by the reduction of the
Mn-O(3) bond length (20.15% over 6 kbars) [Figs. 3(c)
and 3(f)] for all temperatures examined; the Mn-O(3)-Mn
bond angle remains unchanged within experimental erro
at 178.6(4)±, indicating no additional buckling of MnO6
octahedra occurs with applied pressure. This is in contra
to other perovskite materials [13,14], where application

FIG. 2. The compressibilities of thea andc axis [upper panel
(a)] and unit cell volume [lower panel (b)] vs. temperature.
1569
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FIG. 3. The variation of Mn-O bond lengths in
La1.2Sr1.8Mn2O7 with pressure at 300 K (a)–(c) and 100 K
(d)–(f ). Lines are weighted least-squares fits to the data.

of pressure results primarily in a tilting of the MnO6
octahedra, rather than changes of the Mn-O bond lengt

Although the c-axis compressibility changes linearly
with temperature, Fig. 2, investigation of the compress
bilities of the individual c-axis Mn-O bonds reveals
two remarkable findings: (1) The pressure variations
distinguishable Mn-O(1) and Mn-O(2) bond lengths hav
opposite signs, and (2) the signs of these variations
opposite in the PI regime at 300 K, Figs. 3(a) and 3(b
to what they are in the FM state at 100 K, Figs. 3(d
and 3(e). The compressibilities of the individual Mn-O
apical bonds are not in proportion to the overallc-axis
compressibility [Fig. 2(a)], reflecting that the remainde
of the lattice compensates for the compressibility of th
perovskite double layer. That the O(1) and O(2) oxyge
atoms share the same Mnd3z22r2 orbital while exhibiting
opposite Mn-O compressibilities forces consideration
the Mn-O(1)-Mn interactions in contrast to the Mn-O(2)
La,Sr interactions.

The response of the individual Mn-O lengths to applie
pressure in the PI and FM states reflects a change in
c-axis Mn-O-Mn interactions with the degree of ferro
magnetic alignment of pairs of ferromagnetic MnO2
sheets. The observed compressibilities are consistent w
a magnetic structure in which the ferromagnetic MnO2
sheets have magnetizations canted with respect to one
other. To understand this model, two contributions to th
c-axis Mn-O-Mn interactions need to be considere
the antiferromagnetict3-pp -t3 p-bonding component be-
tween half-filled t2g orbitals of the high-spin Mn31 or
Mn41 configurations and the ferromagnetice1-ps-e0

component that dominates thes-bonding interactions via
electrons in the twofold-degenerate states ofeg-orbital
parentage [15]. Both interactions involve a charge tran
1570
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fer that preserves the spin angular momentum. Thet3

configurations remain localized, so transfer of at electron
to create at4 configuration at a neighboring Mn atom re-
quires an energyUp and is constrained by the Pauli ex-
clusion principle to have a component of the transferre
electron spin antiparallel to the spin of thet3 configu-
ration at the acceptor Mn atom. This antiferromag
netic t3-pp -t3 superexchange interaction is described b
second-order perturbation theory; it gives a stabilizatio
energy,´s

t , 2b2
p sin2suy2dyUp , b2

p cosuyUp where
bp is the spin-independent transfer-energy matrix eleme
andu is the angle between spins at neighboring Mn atom
along thec axis. A u  p gives an attractive Mn-O-Mn
interaction; au  0 gives a repulsive interaction.

The e1-ps-e0 interaction, on the other hand, involves
transfer of ane electron to an emptye orbital; this trans-
fer is not constrained by the Pauli exclusion principle
but a strong ferromagnetic intra-atomic exchange favo
transfer to an acceptor having its spin ferromagnetical
aligned with respect to that of the transferred electron
This ferromagnetice1-ps-e0 interaction is stronger than
the t3-pp -t3 interaction whether the charge transfer is vir
tual (superexchange) or real (double-exchange). A re
charge transfer is described by first-order theory, so
gives a stabilizatioń D

s , 2bs cosuy2. In the FM state,
the charge transfer between and within MnO2 planes is
real, and optimization ofu for the sum of the superex-
change and double-exchange components gives a c
angleu0 if cossu0y2d , bsUpyb2

p , 1. A u0  0 is sta-
bilized belowTC within ferromagnetic MnO2 planes, but
the compressibility data imply a cossu0y2d , 1 for the
magnetic couplingbetweenplanes. Sincebs contains a
larger Mn-O overlap integral thanbp , pressure increases
cossu0y2d, thereby reducing the angleu0 and increasing
the t3-pp-t3 spin-spin repulsion between MnO2 planes.
A change in lattice parameters induced by changes
bonding as a result of magnetic order represents anex-
change striction;a phenomenon common to magnetic
oxides [15,16].

In La1.2Sr1.8Mn2O7, each Mn atom sees a Mn-O-Mn
interaction on only one side along thec axis; the Mn-O-
(La,Sr) interaction contains a Mn-O bond length that is fre
to adjust to that on the Mn-O-Mn side so as to retain th
mean Mn-O bond length characteristic of the valence-bon
sum, which is why thec-axis Mn-O bonds on opposite
sides of a Mn atom vary reciprocally with temperature [10
and pressure. In the absence of magnetic order in the
state, there is no spin-spin repulsion, and pressure increa
the overlap integrals in bothbp andbs to give a normal
reduction of the equilibrium Mn-O bond lengths within
and between the MnO2 sheets. This behavior is clearly
seen for the Mn-O(1) and Mn-O(3) bonds at 300 K, Fig. 3
The Mn-O(2) bond length behaves differently because it
not part of the Mn-O-Mn linkage; see Fig. 1. It respond
to the Mn-O(1) and Mn-O(3) bond-length changes so a
to conserve the mean equilibrium bond-length sum fo
the Mn valences. We have omitted from this qualitativ
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discussion the influence of any redistribution of electro
betweendx22y2 andd3z22r2 orbitals with pressure, as such a
redistribution would not contribute to a sign reversal of th
Mn-O(1) and Mn-O(2) compressibilities on crossingTC.

In the absence of magnetic superlattice reflection
the neutron powder diffraction data are consistent wi
the type-A canted spin ferromagnetic model propose
They indicate a ferromagnetic coupling within MnO2

basal planes belowTC. Analysis of the diffraction data
using models with az component of the spin parallel to
the c axis consistently produce values ofmz  0 at all
pressures examined. Because of the tetragonal symm
of the lattice, single-crystal neutron-diffraction studies a
needed to confirm whether there is the predicted ca
angle in thea-b planes between spins of neighborin
MnO2 planes. However, an observed increase in the M
moment from2.5mB to 2.8mB over 6 kbar of pressure is
consistent with the predicted decrease of cant angleu0 and
a positivedTCydP for this compound.

In conclusion, the surprising reversal in the sign o
the Mn-O(1) bond compressibility on passing from th
PI to the FM state can be interpreted as a manifestat
of exchange striction; a cant angleu0 between the
magnetizations of the pairs of MnO2 sheets within a
perovskite layer is predicted for this layered mangani
The reciprocal response to temperature and pressure
the c-axis Mn-O(1) and Mn-O(2) bond lengths reflect
the asymmetricc-axis bonding at a Mn atom; the Mn-
O(2) bonds are free to adjust their length so as to reta
the equilibrium bond-length sum for the Mn valences.

This work was supported by the U.S. Department
Energy, Basic Energy Sciences–Materials Sciences, a
ER-LTT, under Contract No. W-31-109-ENG-38 (JFM
JDJ, SS) and by the NSF Office of Science and Techn
ogy Centers under DMR-91-20000 (DNA, OC). J. B. G
thanks the NSF and the Robert A. Welch Foundatio
Houston, TX, for financial support.
s

e

s,
th
d.

etry
re
nt

n

f
e
on

e.
of

s

in

f
nd

,
ol-
.
n,

*Present address: Los Alamos Neutron Science Cen
MS 4805, Los Alamos National Laboratory, Los Alamo
New Mexico 87545

[1] P. L. Canfield, J. D. Thompson, S.-W. Cheong, and L. W
Rupp, Phys. Rev. B47, 12 357 (1993).

[2] X. Obradors, L. M. Paulius, M. B. Maple, J. B. Torrance
A. I. Nazzal, I. Fontcuberta, and X. Granados, Phy
Rev. B 47, 12 353 (1993).

[3] H. C. Nguyen and J. B. Goodenough, Phys. Rev. B52, 324
(1995).

[4] Y. Moritomo, A. Asamitsu, and Y. Tokura, Phys. Rev. B
51, 16 491 (1995).

[5] W. Archibald, J.-S. Zhou, and J. B. Goodenough, Phy
Rev. B 53, 14 445 (1996).

[6] N. Menyuk, J. A. Kafalas, K. Dwight, and J. B. Goode
nough, J. Appl. Phys.40, 1324 (1969).

[7] M. Shikano, T. Huang, Y. Inaguma, M. Itho, and
T. Nakamura, Solid State Commun.90, 115 (1994).

[8] Y. Moritomo, A. Asamitsu, H. Kuwahara, and Y. Tokura
Nature (London)380, 141 (1996).

[9] A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu,
G. Kido, and Y. Tokura, Phys. Rev. B51, 14 103
(1995).

[10] J. F. Mitchell, D. N. Argyriou, J. D. Jorgensen, D. G
Hinks, C. D. Potter, and S. D. Bader, Phys. Rev. B55,
63 (1997).

[11] J. D. Jorgensen, S. Pei, P. Lightfoot, D. G. Hinks, B. W
Veal, B. Dabrowski, A. P. Paulikas, and R. Kleb, Physic
(Amsterdam)171C, 93 (1990).

[12] A. C. Larson and R. B. von Dreele, General Structu
Analysis System, University of California (1985–1990).

[13] Y. Zhao, D. J. Weidner, J. B. Parise, and D. E. Cox, Ph
Earth Planet. Inter.76, 17 (1993).

[14] J.-E. Jorgensen, J. D. Jorgensen, B. Batlogg, J. P. Reme
and J. D. Axe, Phys. Rev. B33, 4793 (1986).

[15] J. B. Goodenough, inProgress in Solid State Chemistry
edited by H. Reiss (Pergamon Press, Oxford, 197
p. 145.

[16] J. B. Goodenough,Magnetism and the Chemical Bon
(John Wiley & Sons, New York, 1963).
1571


