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Spin and orbital ordering in double-layered manganites

Ryo Maezono and Naoto Nagaosa
Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan

~Received 23 April 1999!

We study theoretically the phase diagram of the double-layered perovskite manganites taking into account
the orbital degeneracy, the strong Coulombic repulsion, and the coupling with the lattice deformation. Ob-
served spin structural changes such as increased doping, are explained in terms of the orbital ordering and the
bond-length dependence of the hopping integral along thec axis. Temperature dependence of the neutron
diffraction peak corresponding to the canting structure is also explained. Comparison with the three-
dimensional cubic system is made.
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I. INTRODUCTION

Perovskite manganites (R12x ,Ax)n11MnnO3n11 (R5La,
Pr, Nd, Sm;A5Ca, Sr, Ba;n51,2,̀ ) have recently at-
tracted renewed interests from the viewpoint of the clo
connection between magnetism and transport.1–6 The stabil-
ity of the perovskite structure enables the preparation
high-quality single crystals with systematically changing t
carrier density and the bandwidth by controllingR and A
atoms. In addition, the crystal structure changes from tw
dimensional (n51, single layer! to three-dimensional (n
5`, cubic! as n increases. The dimensionality of the ele
tronic structure is controlled also by the spin and the orb
orderings, for example, the transfer alongc axis is forbidden
by the antiparallel spin configuration and/or thedx22y2 or-
bital ordering.7,8 Therefore even in the isotropic (n5`, cu-
bic, 113 system! crystal structure, the electronic dispersio
can be quasi-two-dimensional@layered antiferromagnetic
~spin A) in Pr12xSrxMnO3,9,10 Nd12xSrxMnO3,11–13

La12xSrxMnO3 ~Ref. 14!# or quasi-one-dimensional@rod
type AF ~spin C) in Nd12xSrxMnO3 ~Refs. 11 and 12!#.
Another important related issue is the spin canting. As d
cussed by de Gennes,15 A-type antiferromagnet near the pa
ent insulator is unstable toward the spin canting when ho
are doped. This is because the kinetic energy gain alonc
axis wins the energy cost of theAF exchange interaction fo
small canting angle. In the metallicA-type AF phase men-
tioned above, however, no spin canting has been observ9

Double-layered manganites withn52 ~327 system! offer
an interesting opportunity to study the interplay of the sp
the orbital and the crystal structure in the above-mentio
issues of dimensionality and spin canting. With increasingx,
the spin ordering within one double layer changes from
ferromagnetic one ~spin F, x50.3) to the spin A
(x50.5).6,16–26 For 0.4,x,0.48 the diffraction peak ob
served in the neutron-scattering experiments indicates the
existance of the spinF and A components at low tempera
tures, which has been interpreted as the s
canting.19–22,25,26 However it could be interpreted also i
terms of the phase separation, and further theoretical stu
are needed. Lattice deformation depending uponx is also
observed,18,22–26 implying active contribution to the spin
transition, in comparison with 113 system. In 113 syste
there is the one-to-one correspondence between the cr
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deformation and the orbital ordering, e.g., thec axis con-
tracts in the metallic spinA state13 where thedx22y2 ordering
occurs.8 In 327 system, on the other hand, MnO6 octahedra
elongate alongc axis during the spin structural change fro
spin F to cant, and to spinA.24 This elongation decrease
with increasingx up to x50.5 continuously, but even in th
spin A phase a little elongation remains,24 though this defor-
mation prefers thed3z22r 2.

In this paper, we study the spin and the orbital ordering
the double-layered compounds. Possibility of the spin ca
ing is studied for generalx, which includes the de Gennes
canting mechanism as a special case. In the metallic reg
the spinA is locally stable against the spin canting. Sp
transition from the spinA is therefore discontinuous one t
the spin canting or to the spinF, depending on the ratio o
the transfer integral and the superexchange interaction
tweent2g spins. For the spin canting to occur in the metal
region, the small transfer integral alongc axis, i.e., the planar
orbital ordering, turned out to be indispensable. The can
angle is sensitive to the bond length alongc axis. With this
mechanism, calculated mean-field phase diagram toge
with the observed lattice distortion18,22–25 can qualitatively
explain the observedx ~Refs. 6,16–26! andT dependence22

of the spin ordering and also the spin anisotropy20,22,26,27in
327 system.

The plan of this paper follows. In Sec. II, the model a
the formulation are given. Results and discussion are p
sented in Sec. III. Notations used here are standard a
Ref. 8.

II. MODEL AND FORMULATION

We start with the Hamiltonian

H5 (
sgg8^ i j &

t i j
gg8disg

† dj sg82JH(
i

SW t2gi•SW egi

1JS(̂
i j &

SW t2gi•SW t2gj1Hon site1Hel-ph, ~1!

whereg @5a(dx22y2),b(d3z22r 2)# specifies the orbital and

the other notations are standard. The transfer integralt i j
gg8

depends on the pair of orbitals (g,g8) and the direction of
the bond (i , j )28, JH is the Hund coupling betweeneg andt2g
1825 ©2000 The American Physical Society
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1826 PRB 61RYO MAEZONO AND NAOTO NAGAOSA
spins, andJS is theAF coupling between nearest neighbo
ing t2g spins.Hon site represents the on-site Coulomb inte
actions betweeneg electrons, and is given by8,28

Hon site52(
i

~ b̃TW i
21ãSW egi

2 !, ~2!

where the spin operator for theeg electron is defined as
SW egi5

1
2 (gabdiga

† sW abdigb with the Pauli matricessW , while

the orbital isospin operator is defined asTW i

5 1
2 (gg8sdigs

† sW gg8dig8s . Coefficients of the spin and isos

pin operators, i.e.,ã andb̃, are given by8,28 ã5U2J/2.0,
and b̃5U23J/2.0. The minus sign in Eq.~2! means that
the Coulomb interactions induce both spin and orbital~isos-
pin! moments. The parametersã,b̃,t0, used in the numerica
calculation are chosen ast050.72 eV, U56.3 eV, andJ
51.0 eV, being relevant to the actual manganese oxide7,8

The electron-lattice interaction is8

Hel-ph51ugur(
i

vW i•TW i , ~3!

whereg is the coupling constant andr (vW i) is the magnitude
~direction! of the lattice distortion of the MnO6 octahedra.
Values of r and vW are taken from the observed elongati
alongc axis in (La12x , Srx)3Mn2O7 (0.3,x,0.4) ~Ref. 24!
leading tor;0.01, vW //ẑ. We calculate the ground state e
ergy by the mean-field approximation with the two ord
parameters,8

wW S5^SW eg
&1

JH

2ã
^SW t2g

&, ~4!

wW T5^TW &. ~5!

As the exchange interaction between two double layer
reported to be less than 1/100 compared with the in
double-layer one,29 we consider an isolated double layer, f
which the Brillouin zone contains only twokW points alongc
axis. We consider four kinds of the spin alignment in t
cubic cell: spinF, A, C, andG ~NaCl type!. For spinA, we
also consider the possibility of the canting characterized
an angleh which is 0 (p) for spinF (A). As for the orbital
degrees of freedom, we consider two sublatticesI, andII , on
each of which the orbital is specified by the angleu I ,II as8

uu I ,II &5cos
u I ,II

2
udx22y2&1sin

u I ,II

2
ud3z22r 2&. ~6!

We also consider four types of orbital-sublattice orderin
i.e.,F-, A-, C-, G-type in the cubic cell. Henceforth, we ofte
use a notation such as spin A, orbitalG (u I ,u II ), etc. Denot-
ing the wave vector of the spin~orbital! ordering asqW S (qW T),
the ground-state energy is given as a function of the s
ordering (h, qW S), the orbital ordering (u I ,II , qW T), and the
lattice distortion (g, r, vW ).
r
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a
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III. RESULTS AND DISCUSSIONS

A. Phase diagram without canting and lattice distortion

Figure 1 shows the phase diagram at zero temperatur
the plane of the doping concentration~x! and theAF inter-
action betweent2g spins (JS), without the electron-lattice
coupling (g50). Orbital shape is represented byp- @planar,
orbital F ~0,0!, i.e., dx22y2] and n- @nonplanar, orbitalG
~100,2100! aroundx50.1 and orbitalA ~240,240! around
x50.7] hereafter. The possibility of the spin canting is n
taken into account, i.e.,h50 or p. For JS50, spinF is the
most stable for almost the whole region ofx, except around
x50. This ferromagnetism comes from the superexcha
interaction betweeneg spins for smallx (x;0.1), and from
the double exchange interaction for largerx (x;0.7).8,30

Nonmonotonic behavior with double peaks (x50.1, 0.7! of
the phase boundary between spinF andA @JS(FA)# is then
attributed to the crossover from the super- to the doub
exchange interaction, similarly to the case of 113-syste8

We identify the spin transition from spinF to spin A with
increasing x observed experimentally for 0.3,xexp.,0.5
~Refs. 6,16–26! with that aroundx;0.15 whenJS&0.006
eV @for example, arrow~a! or ~b! in Fig. 1#. This value ofJS
is roughly of the same order in magnitude as the 113 cas8,7

Depicted orbital alignment is the one optimized at each po
of the phase diagram. For most of the phase diagram,dx22y2

is the most stable one reflecting the two-dimensional na
of the double-layered structure. The spinC phase completely
disappears. One might regard this as self-evident becaus
the two-dimensionality. This, however, is not so trivial b

FIG. 1. Phase diagram at zero temperature in the plane of
doping concentration~x! and theAF interaction betweent2g spins
(JS), without electron-lattice coupling (g50). Orbital shape is rep-
resented byp- @planar, orbitalF ~0,0!, i.e., dx22y2] and n-@not pla-
nar, orbital G~100,2100! aroundx50.1 and orbital A~240,240!
aroundx50.7]. The possibility of the spin canting is not taken in
account (h50,p). Depicted arrow~a! @~b!# corresponds to the spin
transition with fixed~increasing! JS .
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PRB 61 1827SPIN AND ORBITAL ORDERING IN DOUBLE-LAYERED . . .
cause the valency alongc axis can still lower the energy b
the bonding/antibonding splitting for the double-layer
structure.

B. Spin canting

We now study the spin canting between spinF and A.
First, we consider the possibility of the spin canting w
fixed JS50.004 eV, shown as the arrow~a! in Fig. 1.

The x dependence of the optimized canting angleh is
shown in Fig. 2. The electron-lattice coupling is not cons
ered (g50). The canting angle changes continuously fro
p ~spin A, x50) to zero~spin F, x;0.1), corresponding to
the spin canting around the parent insulator. In this reg
the orbital alignment almost remains that forx50 @orbital G
~100,2100!#, implying that the ordering is still dominated b
the superexchange interaction in this region. This is con
tent with the interpretation that the peak of the phase bou
ary JS(FA) aroundx50.1 is attributed to the superexchan
interaction. Coexisting double exchange interaction due
the introduced carriers competes withJS , leading to the spin
canting seen for 0,x,0.1 in Fig. 2 through the conven
tional mechanism a la de Gennes15 for 113 system. Battle
et al. observed the coexistence of the spinF and A by the
powder diffraction of the polycrystal sample La2SrMn2O7
(x50).31 This can be explained by small amount of carrie
introduced by the oxygen deficiencies which brings about
spin canting by this mechanism for smallx region, as repro-
duced in Fig. 2. Whenx goes beyondx;0.125, h discon-
tinuously changes from zero top, corresponding to the first
order transition from spinF to spinA. This behavior without
canting is due to the discontinuous orbital transition. W
increasing the double-exchange interaction forx.0.1, the
orbital discontinuously changes from orbitalG ~100,-100! to
orbital F ~0,0!, i.e., dx22y2, in order to maximize the kinetic
energy gain. With fixedJS as in Fig. 2, the spin transition
between spinF andA is accompanied with this orbital tran
sition (n-spin F to p-spin A). Therefore, the spin cantin
observed for 0.4,xexp.,0.5 in the single-crysta
samples,19–22,25,26therefore, cannot be reproduced in Fig.

In order to explain this experimental observation, we lo
for the possible mechanisms for the continous change
spin/orbital structure starting from thep-spin A. One possi-
bility is to change the orbital wave function via the couplin
to the lattice. In 327 system,18,22–26the lattice constantc is
longer than a, b, which prefersd3z22r 2 compared with
dx22y2, andc changes asx. This corresponds to the ‘‘mag
netic field’’ to the orbital pseudospin, and tends to enha
the transfer alongz direction and hence the spin canting.

FIG. 2. Thex dependence of the optimized canting angleh with
g50.
-

,

s-
d-

to

e

k
of

e

In Fig. 3 is shown the phase diagram in the plane ofx and
gr (g: coupling constant,r: elongation alongc axis!. Thisgr
corresponds to the ‘‘orbital magnetic field’’ to prefe
d3z22r 2. Here,JS is fixed to be 0.004 eV, which is compa
rable to the value appropriate for 113 system.7,8 Thep-spinA
state@shaded in Fig. 3~a!# is surrounded by the discontinuou
‘‘orbital spin-flop’’ transition. This is because the ‘‘orbita
magnetic field’’ gr is applied not perpendicularly but ant
parallel to thedx22y2 direction. Therefore, it seems unlikel
that the spin canting occurs between thep-spinA and spinF
with differentorbital structures, e.g., the arrow~a! in Fig. 1.

We now look for the possibility of the spin canting wit
the orbital structure fixed to bedx22y2, i.e., the arrow~b! in
Fig. 1. The correspondingJS value might appear to be to
small (;0.0002 eV!, but JS is very sensitive to the bond
length l (JS; l 214 as discussed later!, and the lattice elonga
tion alongc axis suggests smaller value ofJS in 327 system
compared with 113. Furthermore, thex dependence ofl in-
duces thex dependence ofJS and the arrow~b! in Fig. 1 has
finite vertical component. Another remark is that ev
though the orbital pseudo-spinTW i is fully polarized along
dx22y2-direction, the wave fuction is the hybridized one wi
dx22y2 and d3z22r 2. Namely the d3z22r 2 has the weight
;(t0 /b̃)2, which induces the effective transfertz between
layers. However,tz is much smaller thant0, which is crucial
to the spin canting as discussed below.

In Fig. 4 is shown the energy as a function of the angleh
between the spins of two layers for several values ofJS .
Spin F for JS50 is due to the above-mentioned doubl
exchange interaction with the weight;(t0 /b̃)2. For JS
50.42–0.5 meV, the optimized angleh is the intermediate
betweenh50 andh5p, and the canting state is realize
Therefore, we conclude that the spin canting occurs betw
p-spin A andp-spin F states whenJS changes.

In order to study further this canting state, we introduc
simplified model shown in Fig. 5. We assume that the s
polarization is perfect, i.e., all the electron spins are align
along the ordered direction. Therefore we consider the s
less fermions. The density of states is taken to be a cons
NF for each layer. We take the hole picture, andx holes are
occupying this constant density of states from the botto
These two bands are split into bonding and anti-bond

FIG. 3. The phase diagram as a function of the doping conc
tration x and the electron-lattice couplingg. p-spin A is always
surrounded by the discontinuous boundary with respect toh.



1828 PRB 61RYO MAEZONO AND NAOTO NAGAOSA
FIG. 4. h dependence of the ground state energy calculated for a planar orbital (TW points to the direction ofdx22y2), which saddle point
corresponds to the canting angle.
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ones with the splittingD5tz cosh/25tzj.32 The kinetic en-
ergy gainDEkin(j) is given by

DEkin~j!;H 2tz
2
•NF•j2 ~ for j,jc[x/NFtz!

2tz•x•j ~ for j.jc!,
~7!

while the energy cost of the exchange interaction isJS cosh
5JS(2j221). The lower line of Eq.~7! is obtained by de
Gennes, and if this holds the canting always occurs.15 The
new aspect here is thatDEkin(j)}j2 when the splittingD
5tzj is smaller than the Fermi energyeF5x/NF and both
the bonding and anti-bonding bands are occupied. There
the spinA structure (j50, h5p) is at least locally stable
when 2JS.tz

2NF . This condition can be satisfied when th
orbital is almostdx22y2 and tz is much reduced fromt0. For
general orbital configurationtz

2NF is order of magnitude
larger thanJS . Now, we look for the optimizedj to mini-
mize the total energyDE(j)5DEkin(j)1DEex(j). When
jc.1 (x.tzNF), only the upper line of Eq.~7! is relevant

FIG. 5. The bonding/antibonding splitting of the band by t
interlayer hopping. The small~large! splitting case is depicted as~a!
@~b!#.
re,

andDE5(2JS2tz
2NF)•j2. Thereforej jumps from 1~spin

F) to 0 ~spin A) asJS increases acrosstz
2NF/2.

Whenjc,1, the optimizedj as a function ofJS is given
in Fig. 6. AsJS increases, the spin structure changes as s
F (JS,tzx/4)→ spin canting (tzx/4,JS,tz

2NF/4)→ spin
canting with fixed canting angle (tz

2NF/4,JS,tz
2NF/2)→

spin A (tz
2NF/2,JS). Note that the canting angle continu

ously evolves from spinF, but jumps at the transition to th
spin A. Summarizing,x,tzNF and tzx/4,JS,tz

2NF/2 are
the condition for the occurrence of the spin canting. Cons
ering NF;1/t0, and JS is about two orders of magnitud
smaller thant0, this condition is satisfied only whentz is
much reduced fromt0 andx is small. Spin canting state doe
not appear in Fig. 2 because of the largetz for n-spin F.

Spin canting observed in the metallic region 0.4,xexp.
,0.5 ~Refs. 19–22,25,26! implies therefore the planar or
bital in this region. This is consistent with the spin easy a
observed within theab plane in this region20,22,26because the
planar orbital leads to this anisotropy of the easy axis acco
ing to the spin Hamiltonian derived by Matsumoto33 taking
into account the spin-orbit interaction. The observed s

FIG. 6. Canting saddle pointj as a function ofJS ~for the case
jc<1).
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PRB 61 1829SPIN AND ORBITAL ORDERING IN DOUBLE-LAYERED . . .
transition fromF to A with increasingx should therefore
correspond to that fromp-spin F to p-spin A in Fig. 1, for
which the increase inJS with increasingx is needed@arrow
~b! in Fig. 1#.

This x dependence ofJS can be explained in terms of th
bond-length dependence of the interlayer hopping integ
According to the pseudo-potential theory,34 the hopping in-
tegral between thed orbitals depends on the bond lengthl as
t} l 27, leading toj0}teg

z /(t t2g

z )2} l c
7 , where l c denotes the

bond length alongc axis. The observed lattice contractio
along c axis with increasingx23 therefore gives rise to the
decrease ofj0, leading to the spin structure changes fro
spin F to cant, and to spinA. JS

z}(t t2g

z )2} l c
214 increases due

to this lattice contraction alongc axis, which can explain the
x dependence ofJS needed for the change fromp-spin F to
p-spin A, as shown by the arrow~b! in Fig. 1.

The neutron-diffraction experiments have revealed t
the samples with the spin canting at zero temperature
,xexp.,0.48) become the spinA at higher temperatures.22

This can also be explained in terms of the lattice deforma
as follows. The observed lattice contraction alongc
axis18,25,22with increasing temperature brings about the d
crease ofj0}tz /JS} l c

7 , leading to the spin transition towar
the spinA discontinuously. Hirotaet al. also attributed this
T-dependent spin transition to the lattice deformation.22

As seen above, the observed lattice deformation plays
important role to explain the spin transition. In our scena
the bond-length dependence of the inter-layer hopping is
most important mechanism which relates the lattice and
electron systems. One might, however, attribute it rathe
the Jahn-Teller type electron-lattice interaction through
electro-static coupling~in other words, the ‘‘orbital magnetic
field’’ !. In this scenario, the lattice contraction alongc axis
reduces the hybridization ofd3z22r 2 orbital asx increases,
namely the stabilization ofdx22y2, which prefers spinA.22

According to this scenario, the temperature dependenc
the spin canting mentioned above is also explained by
change in the hybridization ofd3z22r 2

22 which is brought
about by the temperature-dependent lattice elongation.
scenario, however, results in the decrease of the interl
hopping asx ~T! increases, being opposite to our scena
where little change in the orbital ordering and the increase
the inter-layer hoppingtz} l c

27 during the spin transition are
predicted. Main distinction between these two scenario
whether such a large change in the hybridization ofd3z22r 2

occurs during the spin transition or not. As seen in Fig. 2 a
Fig. 3, however, the spin transition should be of the fi
order without canting if it is accompanied with the larg
change in the orbital. Experimentally, the spin easy axis f
onto ab plane discontinuously aroundxexp50.32 ~spin F)
~Refs. 23 and 26! and the spin transition fromF to cant, and
to spin A occurs with this easy axis being unchanged. T
behavior implies that the hybridization ofd3z22r 2 decreases
discontinuously before the spin transition, and during
transition the wave function is almost planar asdx22y2,
namely the transition is betweenp-spin F andp-spin A with
canting. Though, even in this case, the ‘‘orbital magne
field’’ brings about a little change in the hybridization o
d3z22r 2 via the change of the weight mentioned befo
l.
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(t0 /b̃)2→@ t0 /(b̃2gr)#2, it is a minor correction comparing
with the sensitively changing bond-length dependencetz

} l c
27 , JS} l c

214.
For the spin canting,j05tzx/4JS,1, and hence the pla

nar orbital during the spin transition turned out to be ess
tial. In 113-system, the spinF phase neighboring the metalli
spin A has the quasi-three-dimensional orbital ordering
the realistic parameters in the mean field theory.7,8 Therefore,
the canting does not occur because the orbital structures
different between spinA and F, and the transition betwee
them is always discontinuous. In the real 113 system no
isotropy has been reported in the spinF state, and there is a
theoretical suggestion of the orbital liquid state for the spinF
metallic region.28 In any case the orbital state is differe
from thedx22y2 in the metallic spinA state. In 327 case, th
layered crystal structure brings about the two-dimensio
orbital anisotropy, reflecting the interplay of the dimensio
ality of the crystal structure and that of the orbital orderin

Figure 7 summarizes our interpretation of the experime
~notationsxth. andxexp. are used to prevent confusion due
the quantitative discrepancy ofx between the calculation
and the experiments!. The hatched region corresponds to t
spin-canting phase due to the planar orbital for thep-spin F.
JS(FA) is the phase boundary with the first-order transiti
between spinF ~or canting! and spinA. Spin F phase at
xexp.50.3 ~Ref. 17! corresponds to then-spinF phase. With
increasingx, spin F changes fromn- to p- with the orbital
transition intodx22y2 aroundxth.;0.125. This transition is
of the first order, leading to the discontinuous reorientat
of the spin easy axis from being alongc axis into within the
ab plane by considering the spin-orbit interaction.33 This
explains the observed spin anisotropy20,22,26,27where the easy
axis, pointing parallel to thec axis for xexp.50.3,27 discon-
tinuously turns onto theab plane atxexp.;0.32,26 for T
&100 K. The p-spin F phase aroundxth.*0.125 cants
readily within theab plane because of the decrease inj0

} l c
7 due to the contraction of the bond length alongc axis

with increasingx, and then discontinuously jumps to th
p-spin A, corresponding to the observation for 0.4,xexp.
,0.5.19–22,25,26

In conclusion, we have studied the spin and the orb
ordering in 327 system, taking the orbital degrees of freed
and the strong Coulombic repulsion into account. Observex

FIG. 7. Schematic sketch of the calculated phase diagram
the correspondence with the experiments.
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1830 PRB 61RYO MAEZONO AND NAOTO NAGAOSA
dependence of the spin ordering and its anisotropy w
qualitatively explained in terms of the orbital ordering a
the observed lattice deformation alongc axis. The observed
temperature dependence of the spin structure is also
plained by the lattice deformation. The difference betwe
327 system with canting and 113 system without canting
understood in terms of the difference in the dimensionality
the crystal strucuture.
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