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Interrelation between orbital polarization and magnetic structure in bilayer manganites
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A-site substitution effects on the magnetic and lattice structure have been investigated for bilayer mangan-
ites, (La12zNdz)1.2(Sr12yCay)1.8Mn2O7, without changing theeg-electron concentration (x50.4). The ferro-
magnetic metallic~FM! phase of the parent La1.2Sr1.8Mn2O7 (TC5120 K! is suppressed by Nd doping (z), and
a paramagnetic insulating~PI! state appears abovez50.3. The FM phase is suppressed also by Ca doping (y),
but a layered-type antiferromagnetic~A-AF! structure appears abovey50.3. We have investigated the stability
of the dx22y2 ~or d3z22r 2) orbital by Madelung potential calculation based on the structural data, and have
found thatorbital polarizationgoverns the magnetic structure in bilayer manganites.
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Doped manganites with bilayer structure1

La222xSr112xMn2O7, have recently attracted considerab
interest due to their ‘‘colossal’’ magnetoresistance obser
around the insulator-to-metal transition temperature ax
50.4. In this layered manganite, the MnO2 sheets are iso
lated by two La~Sr!O planes, keeping the two-dimension
networks of the MnO6 octahedra. Kimuraet al.2 have re-
ported tunneling-type magnetoresistance atx50.3, which
further attracts current interest of material scientists. On
other hand, Moritomoet al.3 have systematically investi
gated the magnetotransport properties as well as the m
netic structure of the Nd-doped (La12zNdz)1.4Sr1.6Mn2O7,
and have found the spin-valve magnetoresistance accom
nied by antiferromagnetic-to-ferromagnetic transition. Th
the bilayer manganite shows a variety of magnetotrans
properties as well as the magnetic structure,4 and is a prom-
ising material for a magnetoresistive device.

The lattice and magnetic structure fo
La222xSr112xMn2O7 have been intensively investigated.5–8

In this system, the Sr-doping procedure not only~i! de-
creases the nominal concentration of theeg electrons, but~ii !
significantly releases the static distortion of the MnO6
octahedra:9 averaged distortion D defined by
^dMn-O(out)&/dMn-O(in) decreases fromD51.03 at x50.3 to
1.00 x50.5. Such a variation of the static distortion shou
affect the orbital character of theeg electrons, and hence th
magnetic structure. Moritomo9 et al. have systematically in-
vestigated the ground-state properties
(La12zNdz)222xSr112xMn2O7 (x50.420.5), and have
found that the ferromagnetic metallic~FM! ground state is
replaced by a layered-type antiferromagnetic~A-AF! state
beyond x'0.45. In this magnetic structure, ferromagne
MnO2 sheet alternates along thec axis ~intrabilayer coupling
PRB 590163-1829/99/59~22!/14153~4!/$15.00
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is negative!.7–9 Such a magnetic structure is interpreted
terms of thedx22y2 orbital polarization, which causes the
FM double-exchange interaction10 within the MnO2 sheet
and antiferromagnetic superexchange coupling between
adjacent sheets~within the bilayer!. A similar A-AF structure
has been observed even in the cubic manganite11

R12xSrxMnO3 (R5La12zNdz), suggesting that the basi
physics is similar between the bilayer and cubic mangani
In addition, the aforementioned crossover behavior from F
to A-AF states is qualitatively explained by mean-field c
culation of the double-exchange model with explicitly takin
account of the degeneracy of theeg orbital and the anisot-
ropy of the transfer integral.12 The Sr-doping procedure
however, has two effects, that is,~i! hole-doping and~ii !
deformation of the MnO6 octahedra, which could not be dis
tinguished experimentally.

In this paper, we have investigatedA-site substitution ef-
fects on the magnetic and lattice structure for bilayer m
ganites, (La12zNdz)1.2(Sr12yCay)1.8Mn2O7, without chang-
ing the eg-electron concentration (x50.4). In this system,
we can studypurely lattice effect, excluding the hole-dopin
effect. We have derived a magnetic phase diagram aga
Nd and Ca doping: a paramagnetic insulating~PI! state ap-
pears abovez50.3 ~Nd doping!, while a layered antiferro-
magnetic state~A-AF! appears abovey50.3 ~Ca doping!.
We further have determined the atomic positions from
neutron powder patterns and investigated the orbital state
calculating the Madelung potentials for the twoeg orbitals.
We have found a close interrelation between the magn
structure and the difference of the Madelung potentials
tween the two orbitals. This clearly indicates that orbital p
larization governs the magnetic structure in bilayer mang
ites.
R14 153 ©1999 The American Physical Society
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TABLE I. Lattice constants and atomic postions at 300 K for (La12zNdz)1.2(Sr12yCay)1.8Mn2O7 determined from neutron powde
profiles.

y z a ~Å! c ~Å! A2(z) O2(z) O3(z) Mn(z) Rwp

0.0 0.0 3.86802~9! 20.1052~6! 0.3173~2! 0.1971~2! 0.0955~1! 0.0964~4! 8.57
0.2 0.0 3.8648~2! 20.086~1! 0.3174~3! 0.2002~4! 0.0961~3! 0.0957~7! 12.53
0.3 0.0 3.8623~3! 20.012~1! 0.3175~3! 0.2004~5! 0.0982~4! 0.0920~9! 13.04
0.4 0.0 3.8603~3! 19.941~2! 0.3177~5! 0.2007~6! 0.1021~4! 0.085~1! 14.23

0.0 0.0 3.86802~9! 20.1052~6! 0.3173~2! 0.1971~2! 0.0955~1! 0.0964~4! 8.57
0.0 0.2 3.86325~9! 20.1170~7! 0.3176~2! 0.1980~2! 0.0960~1! 0.0971~4! 8.52
0.0 0.4 3.8558~1! 20.1121~9! 0.3167~2! 0.1984~3! 0.0957~2! 0.0985~5! 11.43
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Single crystals of (La12zNdz)1.2(Sr12yCay)1.8Mn2O7
were grown by the floating-zone method at a feeding sp
of 10–20 mm/h. Stoichiometric mixture of commerc
La2O3, Nd2O3, SrCO3, CaCO3, and Mn3O4 powder was
ground and calcined twice at 125021350 °C for 24 h. The
resulting powder was pressed into a rod with a size
5 mmf360 mm and sintered at 1350 °C for 48 h. The
gredient could be melted congruently in a flow of air. Sin
crystals, typically 4 mm in diameter and 10 mm in leng
were obtained with two well-defined facets, which cor
spond to the crystallographicab plane. However, large-y
crystals (y50.35 and 0.40! are difficult to grow and we ob
tained only polycrystalline samples. Rietveld analysis
neutron powder patterns13 indicate that the investigated com
pounds were nearly single phase. Neutron-diffraction m
surements were performed with the Kinken powder diffr
tometer for high efficiency and high-resolutio
measurements~HERMES! installed at the JRR-3M reactor a
the Japan Atomic Energy Research Institute, Tokai, Japa14

Neutrons with wavelength 1.819 Å were obtained by
~331! reflection of Ge monochromater, and 128-`-Sample-
188 collimation. Melt-grown crystal ingots were crushed in
fine powder and were sealed in a vanadium capsule
helium gas, and mounted at the cold head of the closed-c
He-gas refrigerator. The crystal symmetry is tetrago
(I4/mmm; Z52) over the whole concentration range. T
obtained lattice parameters are listed in Table I, toge
with the atomic positions. Looking at Table I, one may n
tice that theA-site substitution effects are different betwe
Nd doping~z! and Ca doping (y); lattice constanta shortens
with increasingz, while c shortens with increasingy.

First, let us show temperature dependence of
in-plane component Mab of the magnetization for
(La12zNdz)1.2(Sr12yCay)1.8Mn2O7. The Mab was measured
under a field ofm0H50.5 T after cooling down to 5 K in
zero field~ZFC!, using a superconducting quantum interf
ence device~SQUID! magnetometer. TheMab-T curve for
La1.2Sr1.8Mn2O7 (z50.0) steeply rises below'120 K, and
reaches near the ideal value ('3.6mB). The Curie tempera
tureTC was determined from the inflection point of theM -T
curve, and indicated by closed circles in Fig. 1. The mag
tudes ofMab at z50.2 andy50.2 approach the ideal valu
at low temperature, even thoughTC shifts to the low-
temperature side (TC'80 K!. Mab is suppressed with furthe
increasingz ~or y), though theM -T curve is reminiscent o
ferromagnetism.

To investigate the magnetic structure, we have meas
neutron powder patterns. In Fig. 2~a! are shown prototypica
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examples for La1.2(Sr0.6Ca0.4)1.8Mn2O7; open and closed
circles are at 300 K and at 12 K, respectively. Several m
netic reflections appear at 12 K~closed circles!. These reflec-
tions can all be indexed by either ferromagnetic~indexed by
FM! or layered-type antiferromagnetic~indexed by A-AF!
structures with spin moment along the in-plane direction7,8

The magnetic moments are estimated to be 2.060.1mB and
1.660.1mB for the FM and A-AF components, respectivel
by Rietveld refinement~thin curve!. The magnetization curve
@Fig. 2~b!# at 5 K shows a ferromagnetic behavior with sat
rated momentM s of '1.4mB , which is consistent with the
Rietveld refinement. Coexistence of the FM and A-AF co
ponents can be ascribed to the spin canting or the electr
phase separation.15 Some microscopic measurements, ho
ever, are necessary to distinguish the two effects. In Tab
are listed estimated magnetic moments for the A-
and FM components of La1.2(Sr0.6Ca0.4)1.8Mn2O7 and
(La0.6Nd0.4)1.2Sr1.8Mn2O7. In the Ca-doped compound, th
A-AF component appears at 100 K, and then the FM co
ponent grows below;50 K, suggesting a two-step magnet
transition. Consistently, we have observed a two-step tra
tion in theM -T curve measured under a field ofmBH50.1 T

FIG. 1. In-plane component (Mab) of magnetization curves for
~a! (La12zNdz)1.2Sr1.8Mn2O7 ~cited from Ref. 16! and ~b!
La1.2(Sr12yCay)1.8Mn2O7 . Mab was measured under a field o
m0H50.5 T after cooling down to 5 K in zero field ~ZFC!. The
closed circle represents the Curie temperatureTC . Note that an
out-of-plane component is mixed in they50.4 data.



ti-

A
ic

Th

pi
he
of

d
a

the
e
s

he

d-

he

eld

y.

O

urie

ro-
pec-
rved

RAPID COMMUNICATIONS

PRB 59 R14 155INTERRELATION BETWEEN ORBITAL POLARIZATION . . .
@inset of Fig. 2~b!#. We have defined the corresponding cri
cal temperatures, i.e.,TN andTN8 , as the maximum position
and the inflection point of theM -T curve, respectively. By
contrast, the Nd doped compound shows a negligible A-
moment ('0.5mB) at 15 K, perhaps due to some extrins
origin.

The critical temperaturesTC , TN , andTN8 , as determined
by the aforementioned techniques, are plotted in Fig. 3.
FM ground state is suppressed with increasingz @see Fig.
3~a!#, and eventually the phase disappears. The Ca do
@Fig. 3~b!#, however, transforms the FM ground state into t
A-AF 1 FM mixed state. In Fig. 4 are plotted three kinds
the Mn-O bondlengths, i.e., out-of-plane (dMn-O(1) and
dMn-O(2)) and in-plane (dMn-O(3)) bondlengths, determine
from neutron powder pattern at 300 K. The data point
(y,z)5(0.0, 0.0! is from Ref. 8. Nd doping@Fig. 4~a!#

FIG. 2. ~a! Neutron powder profiles for
La1.2(Sr0.6Ca0.4)1.8Mn2O7 at 300 K ~open circles! and at 12 K
~closed circles!. The curve represents the results of the Rietv
fitting. ~b! Magnetization curve for La1.2(Sr0.6Ca0.4)1.8Mn2O7 at 5
K. The inset shows the temperature variation of magnetizationM
measured under a field ofm0H50.1 T. TN and TN8 stand for the
Néel and critical temperatures for the mixed phase, respectivel

TABLE II. Antiferromagnetic (mAF) and ferromagnetic (mF)
components for (La12zNdz)1.2(Sr12yCay)1.8Mn2O7 determined
from neutron powder profiles. Spin directions are within the Mn2

sheet for both the components.

y z Temperature~K! mAF (mB) mF (mB)

0.4 0.0 300 — —
0.4 0.0 100 0.560.1 —
0.4 0.0 50 2.060.1 1.660.1
0.4 0.0 12 2.060.1 1.660.1

0.0 0.4 300 — —
0.0 0.4 15 0.560.1 —
F
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mainly elongatesdMn-O(1) , and hence stabilizes thed3z22r 2

orbital. Then, the reduced transfer integral between
neighboring Mn sites within the MnO2 sheet suppresses th
FM phase, as observed.16 By contrast, complicated behavior
are observed in the case of Ca doping@Fig. 4~b!#; with in-
creasingy, dMn-O(1) becomes shorter, butdMn-O(2) longer. In
other words, the Mn atom in the MnO6 octahedra moves
toward the O~1! site. This is perhaps due to preference of t
occupancy of smaller Ca21 ions in the rocksalt layer~within
the bilayer!, which would deform the MnO6 octahedron.17

Such an effect is considered to be unimportant in the N
doped compound.

Now, we calculate the Madelung potential for theeg or-
bitals and investigate the stability of them in more detail. T

FIG. 3. Magnetic phase diagram for ~a!
(La12zNdz)1.2Sr1.8Mn2O7 and ~b! La1.2(Sr12yCay)1.8Mn2O7. The
open circle, closed triangle, and closed circle stand for the C
temperatureTC , Néel temperatureTN , and critical temperatureTN8
for the mixed phase, respectively. FM and A-AF stand for fer
magnetic metallic and layered-type antiferromagnetic states, res
tively. The closed square means that no magnetic order is obse
down to the lowest temperature.

FIG. 4. Mn-O bondlengths for~a! (La12zNdz)1.2Sr1.8Mn2O7 and
~b! La1.2(Sr12yCay)1.8Mn2O7. The inset shows two MnO6 octahe-
dron along thec direction.
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Madelung potential acting on a hole in thed3z22r 2 and
dx22y2 orbitals are given by18,19

V~dx22y2!5V~rW01r dx̂!, ~1!

and

V~d3z22r 2!5@V~rW01r dẑ!1V~rW02r dẑ!#/2 , ~2!

respectively. HererW0 indicates the position of the Mn ion an
r d(50.42 Å) is the radius where the radial charge density
the Mn 3d orbital becomes maximum.x̂ and ẑ are the unit
vector along the in-plane and interplane Mn-O bonds,
spectively. Valences of the charge atA, B, and oxygen sites
are assumed to be12.4, 13.4, and22, respectively, and
the conventional Ewald method is used. Based on the st
tural data obtained by the neutron-diffraction experiment,
calculate the difference of the Madelung potential betwe
two eg orbitals:DV5V(d3z22r 2)2V(dx22y2).

Finally, we plotted the critical temperatures, i.e.,TC , TN ,
andTN8 , againstDV ~see Fig. 5!. Critical temperatures from
both the Nd-doped and Ca-doped compounds can be plo
on the same phase diagram, as a function of the stabilit
the orbital. If one sees the phase diagram from right to
~the dx22y2 orbital polarization increases!, the magnetic
structure changes from PI to FM, and finally the A-AF sta
appears. The A-AF magnetic structure originates from
increaseddx22y2 orbital polarization, which causes the FM
double-exchange interaction within the MnO2 sheet and an-
tiferromagnetic superexchange coupling between the a
cent sheets. Thus, we have confirmed without ambiguity
the orbital polarization governs the magnetic structures
bilayer manganites.
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FIG. 5. Magnetic transition temperatures against the differe
of the Madelung energiesDV@5V(d3z22r 2)2V(dx22y2)#, where
V(d3z22r 2) @V(dx22y2)# is the Madelung energy for thed3z22r 2

(dx22y2) hole. Thed3z22r 2 orbital polarization increases asDV in-
creases. The open circle, closed triangle, and closed circle stan
the Curie temperatureTC , Néel temperatureTN , and critical tem-
peratureTN8 for the mixed phase, respectively. FM and A-AF sta
for ferromagnetic metallic and layered-type antiferromagne
states, respectively.
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