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We present the results of high level band structure calculations on the important layered compounds LaSr2Mn2O7 and
La2CaCu2O6 ; both of which have the structure of the m=2 member of the Ruddlesden–Popper phases and comprise intergrowths

of double perovskite slabs with rock-salt slabs. The cuprate additionally has an ordered oxygen defect. For further comparison, the
band structure of tetragonal La2CuO4 has also been calculated. The manganite is a material exhibiting giant magnetoresistance
(GMR) effects and the cuprates can be doped to give superconductors. The calculations have been performed using the TB-

LMTO-ASA programs within the local (spin) density approximation L(S)DA; for the manganite, spin-polarized calculations result
in a magnetic ground state; calculations on the ferromagnet and two antiferromagnetic structures are compared. The calculations
show up similarities and differences between the bonding patterns of these two structurally related compounds that display widely

different ground states when they are doped. The instabilities on or near the Fermi surface possibly implicated in the stabilization
of the different ground states are, however, quite similar in character.

to explain properties in related systems and even provide hints1 Introduction
on what sort of materials might display similar phenomena.

The past few years have seen the technologically important In this paper, we report the results of spin-polarized, tight-
phenomenon of giant or colossal negative magnetoresistance binding electronic structure calculations performed using the
(GMR/CMR) becoming a part of the vocabulary of solid state linearised muffin-tin orbital (LMTO) method within the atomic
and materials chemists, with the observation that certain oxides sphere and local density approximations (ASA/LDA). The
of manganese1–4 and cobalt,5,6 and also certain mixed trans- compounds studied were an approximation to a self-doped
ition metal sulfides7 and oxides8 show resistivities that decrease layered Ruddlesden–Popper manganite, LaSr2Mn2O7 , which
drastically on the application of (rather high) magnetic fields. is ferromagnetic, as well as two antiferromagnetic structures
As in the case of the high-Tc oxide superconductors, the search (one of them a supercell ). The isostructural (but oxygen
for this phenomenon in existing as well as novel materials has deficient) compound La2CaCu2O6 which becomes supercon-
become an area of research being widely pursued. There is ducting on replacing some of the La with Sr has also been
already clear evidence that many more systems might display subject to calculations. For comparison, we have performed
GMR than is the case for high-Tc . The key physical features calculations on the structurally related layered oxide La2CuO4of the perovskite manganites that show GMR have been in an approximate body-centered tetragonal cell. This last
summarized by Goodenough and coworkers9 who point out compound is the well known prototype of the layered copper
that the high-temperature paramagnetic phase is a polaronic oxide superconductors. As we will remark, there are striking
conductor and the ferromagnetic ( low-temperature) phase has similarities in the electronic structures of the compounds
extended states or remains polaronic depending on the metal– suggesting that similar instabilities on or near the Fermi surface
oxygen orbital overlap which in turn is governed by the are the signatures of the different broken-symmetry low-
perovskite tolerance factor t.10 Some typical concerns regarding temperature ground states. The larger basal plane parameter
these systems remain, however, including the importance of and the presence of two different kinds of apical oxygen atoms
Jahn–Teller distortions, the nature of the high-temperature in the metal–oxygen octahedra of the manganite result in some
insulating phase (where insulating loosely refers to the negative interesting differences in the band structures, which we high-
slope of the resistance–temperature curve) and the importance light. The comparison also brings out the rôle of apical oxygen
of correlation and disorder. atoms, since in the three compounds, the natures of the apical

There is now a gathering belief that electronic instabilities oxygens are different.
near the Fermi surface as seen in accurate band structures and
photoemission spectra of the cuprates are important for the

1.1 The (LnSr)
3
Mn

2
O

7
system

superconductive pairing at low temperatures.11,12 These insta-
bilities manifest as van Hove singularities (vHS) and are seen These compound have the intergrowth m=2 Ruddlesden–
as an X-shaped nesting of the Fermi surface in the ideal two- Popper structure15 and are thus closely related to the high-Tc
dimensional case. Magnetic fields are able to induce structural superconductors.16 A schematic of this structure and those of
transitions in the manganites.13 The rôle of magnetopolarons14 other Ruddlesden–Popper perovskites, SrTiO3 (m=2) and
in determining transport properties have been established. tetragonal La2CuO4 (m=1) are displayed in Fig. 1 along with
These and other factors suggest that unstable Fermi surfaces the oxygen defect m=2 structure of La2CaCu2O6 . The [010]
might be a characteristic feature of GMR materials as well. projection is shown. The different shadings of atoms and

It is of interest to understand bonding patterns in typical polyhedra represent positions (0 and z/b) looking through the
GMR manganites as obtained from high level band structure plane of the representation. Like the related perovskites,
calculations. While one-electron calculations cannot be (LnSr)MnO3 ,17 the layered compounds La1+xSr2−xMn2O7
expected to yield details of many-body effects, in the ideal case have been long known18,19 as systems displaying Zener double
the utility of such calculations might go beyond merely exchange (DEX)20 whereby electrons hop with spin memory.

As a result of this, the paramagnetic–ferromagnetic transitionexplaining the bonding situation found in a single composition
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O3, in this structure are distinct in that O1 links the two Mn
in the double perovskite unit; O3, however, bonds with Mn
only on one side. These oxygens are labelled in Fig. 1.

Two antiferromagnetic structures were used to perform
further calculations. One was obtained by considering feromag-
netic layers coupled antiferromagnetically along c. This is
the so-called A-type antiferromagnetic structure. The other
structure was obtained by constructing a hypothetical
√2aP×√2aP×c supercell of LaSr2Mn2O7 . In this supercell,
the alternation of MnO6 octahedra could allow charge ordering
of the manganese provided the structure were relaxed during
the calculation. The schematic structures of these antiferromag-
nets is displayed in Fig. 2(a) and (b), the latter being the
supercell.

1.2 The La
2
CaCu

2
O

6
system

Superconductivity below 60 K is achieved by replacing La by
Sr in this compound35 and below 40 K through increasing the
oxygen content.36 The crystal structure used for the calculations

Fig. 1 Structures of typical m=2,1 and 2 Ruddlesden–Popper phases was for I4/mmm: La1.6Sr0.4CaCu2O6 .37 However, we have
looking down the [010] direction. The polyhedra represent MO

x neglected the Sr doping in our calculation, considering the La
where M is the transition metal. The shading refers to the depth to fully occupy the 4e site with z=0.17578 and Ca to fully
looking through the plane of the representation. Open implies y/b=0

occupy the 2a site at (0,0,0). The O1 oxygen of the LaSr2Mn2O7and shaded implies y/b=0.5.
structure is missing resulting in copper at the 4e site with z=
0.58503 being surrounded by five oxygens in a square-pyrami-
dal arrangement. However, any oxygen atoms intercalated into

(near 130 K for x=0.2) is accompanied by the transition from
this structure would be expected to occupy the O1 site. Oxygen

a semiconductor to a poor metal. These systems have been re-
O2 in the plane is at 8g with z=0.0823 and the apical oxygen

examined in light of their displaying GMR in the metallic,
O3 at 4e with z=0.2954. The lattice parameters are a=

low-temperature regime.21,22 The salient features of this system
3.8248 Å and c=19.4286 Å. A schematic structure is shown in

are: ferromagnetism when 0.1hxh0.5;23 an absence of the
Fig. 1. Note that this is a double layer cuprate without a

ferromagnetic transition (and hence of a metallic phase) when
complex charge reservoir, in contrast to the mercury, thallium,

La is replaced by smaller lanthanoids;24–27 unusual structural
lead and bismuth cuprates. Compared with YBa2Cu3O7−d , the

changes (studied for x=0.2) as the metal–insulator transition
band structure of this system is easier to understand since

is traversed28,29 and as the lanthanoid is made smaller.25 In
there are no CuO chains. The different crystallographic settings

the ferromagnetic compounds, the saturation value of the
for the manganite and the cuprate are retained from the

magnetic moment is usually of the order of 3 mB as opposed
original publications.

to the expected spin-only value of (3.5+x/2) mB for ferromag-
netic La1+xSr2−xMn2O7 . Also of note is complex transport

1.3 The La
2
CuO

4
system

behaviour in the x=0 compound LaSr2Mn2O7 , which shows
some evidence for the real-space ordering of holes as the The calculation on La2CuO4 presented for comparison con-
temperature is lowered, accompanied by a transition to an siders a tetragonal I4/mmm unit cell instead of the observed
antiferromagnetic state.30 Difficulties in preparing pure sam- orthorhombic Bmab unit cell. In the I4/mmm5La2CuO4 struc-
ples give rise to novel microstructural features in these ture (Fig. 1) there is only one apical oxygen position and one
systems.26,31,32 position for La, both at 4e: O2 with z=0.1732 and La with

We have chosen to perform high level calculations on an z=0.3640. Cu and the in-plane oxygen O1 occupy the special
approximation to the structure of LaSr2Mn2O7 . While the positions 2a and 4c. The lattice parameters used were
crystal structure used in the calculation was taken from X-ray
Rietveld refinements30 and closely matched the neutron struc-
ture of La1.2Sr1.8Mn2O7 ,28,29 La and Sr were taken to be fully
ordered over the A lattice sites 2b and 4e. This allows the
‘doping’ to be achieved without taking recourse in superstruc-
tures. In the actual structure, most of the La is in the 4b site.
While this artificial cation ordering might, in reality, be
expected to affect physical properties considering the docu-
mented effect of disorder and strain on transport in the related
perovskites,33 within the LDA, these effects are negligible
because La and Sr states are so far above the EF . There can,
however, be an effect of local potentials due to the different
charges on these ions.34

As a model system, a desirable feature of LaSr2Mn2O7 ,
apart from the self-doping and the similarities with high-Tc
compounds mentioned earlier, is that the I4/mmm crystal
system allows direct visualizing of bonding patterns without
the need for any coordinate transformations. The actual struc-
ture used was I4/mmm; LaSr2Mn2O7 , with the parameters a=
3.8755 Å, c=19.996 Å. La and O1 occupy the special position
2b. Sr, Mn and O3 are in distinct 4e sites with z=0.3180 for Fig. 2 Spin arrangements in the two antiferromagnetic LaSr2Mn2O7Sr, z=0.0977 for Mn and z=0.1976 for O3. O2 is in the plane on which calculations have been performed: (a) is an A-type antiferro-

magnet and (b) is a √2aP×√2aP×c superstructurein the 8g site with z=0.0950. The two apical oxygens, O1 and
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a=3.7265 Å and c=12.870 Å, obtained by transformation from 3 Densities of state
the orthorhombic structure.

We commence with a discussion of the cuprates since, being
non-magnetic, they are the simpler case.

2 Reciprocal space and calculation procedure

3.1 Paramagnetic La
2
CuO

4
Detailed band structure calculations on the I4/mmm structures
of LaI2 ,38 of the ThCr2Si2 structure type39 and, of course,

The paramagnetic density of states of La2CuO4 , seen in Fig. 4,
certain high-Tc superconductors40 exist, which make familiar

is well known and will therefore be discussed only briefly.
the reciprocal space of the title compounds. The central

Owing to the odd number of electrons the compound is
Brillouin zone is as given in ref. 41, but we follow the standard

metallic as seen by the finite number of states at EF . The Cu
labelling of refs. 38 and 40. It has the shape of a faceted box

d states are found in the same energy range as the oxygen
which is flat in the z-direction. The high symmetry points are

p states between −8 eV and the Fermi level. The center of
C (0,0,0), X (p/a,p/a,0), Z (2p/a, 0,0) in the plane reciprocal to

gravity of the copper states is slightly nearer EF . The DOS
z=0, and Z (0,0,p/c). Z repeats because of the body-centering

demonstrate that the mixing of the oxygen p with the late
in real space. The Brillouin zone is depicted in Fig. 3.

transition metal states is strong. We find a different density of
The LMTO method is rapidly becoming a convenient

oxygen states for the two different oxygen atoms in this
method of obtaining reliable band structures and bonding

structure type. In a manner shared by other cuprate supercon-
patterns for a variety of extended solids. The self-consistent

ductors, the in-plane oxygen O2 interacts more strongly with
calculations reported here were performed using the TB-

the copper d states and is therefore twice as broad as the
LMTO-ASA codes from the Andersen group.42 Detailed

apical oxygen states. Lanthanum states are only found above
descriptions of the local density and local spin density approxi-

EF as the lanthanum atoms are fully ionized. An interesting
mations (LDA/LSDA) and the procedure by which reciprocal

feature in the DOS is the small van Hove peak 0.06 eV below
space integrations are performed and self-consistency is

EF . This feature has been remarked upon by earlier workers.40
achieved, can be found elsewhere.43 The basis sets consisted of
6s, 5d and 4f orbitals for La; 4s, 4p and 3d orbitals for Mn

3.2 Paramagnetic La
2
CaCu

2
O

6and Cu; 5s and 4d orbitals for Sr; 4s and 3d orbitals for Ca,
and 2p orbitals for O. The 3s orbitals of O, 6p of La, 5p of The densities of state for La2CaCu2O6 displayed in Fig. 5 look
Sr and 4p of Ca were treated by the downfolding technique. very similar to the DOS of La2CuO4 . In this compound too,
The atomic sphere approximation (ASA) relies on the partition- we observe a significant difference in the partial DOS of the
ing of space into atom-centered spheres as well as empty apical O3 and the in-plane oxygen O2 atoms. The apical
spheres, the latter being crucial for structures that are not oxygen partial (p) DOS extends from −4 to −1 eV, with small
close-packed. The blowing up of the volumes of the atomic contributions below and above this range, whereas the band
spheres and the selection of the radii and positions of the width of the in-plane oxygen is more than 8 eV. The Cu d
empty spheres are handled automatically44 in the LMTO suite states extend from −6 eV to EF , with a few states above EF .of programs with the caveat that atom-centered spheres do Both oxygen atoms, but mainly the in-plane oxygen states,
not have a volume overlap of more than 16%. contribute to small vHS peaks near EF . From an integration

The number of irreducible k points used in the calculations of the density of states we can estimate, assuming rigid-band
were 349 for the manganites and for La2CaCu2O6 , and 498 behaviour, the amount of holes we need to optimally dope the
for La2CuO4 . compound to superconductivity, by coinciding the vHS and

The band structures in the vicinity of the Fermi level allow EF . The peak is found around 0.24 eV below EF and in
important symmetry based conclusions to be drawn. More agreement with the experiment, 0.4 holes per formula unit are
importantly, using the so-called ‘fatband’ representation, the necessary to achieve coincidence of the vHS and EF . The
exact orbital character of the individual bands can be under- second peak is 0.58 eV (and 1.4 holes) below EF .stood. In this representation, each band is decorated with a
width that is proportional to the sum of the weights of the
corresponding orthonormal orbitals. In all the band structures
shown, ‘pure’ orbital character corresponding to 100% charac-
ter of a certain type of orbital is represented by decorating
bands with a thickness of 2.5% of the total energy scale, in
our case, 0.175 eV.

Fig. 4 Partial DOS of paramagnetic La2CuO4 from Cu and O orbitalsFig. 3 Central Brillouin zone of the I4/mmm space group. Z in the
primitive cell becomes Z in the plane in the neighboring cells because in the vicinity of the Fermi level (which is marked by a vertical line in

this and other DOS figures)of the body-centering.
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strong degree of spin polarization for all the atoms displayed
in the vicinity of EF . The presence of minority states at EF is
surprising because we expect a high spin system to have only
unoccupied minority d states of Mn. This feature could be a
problem of the spherically symmetric potential used within the
ASA. However, we recollect that the experimental situation is
in keeping with moments less than the spin-only value. For
the minority spin density there is a gap between the occupied
and the conduction bands, whereas there is no gap in the
majority DOS.

The partial DOS of the manganese d states shows fully
occupied t2g states between −2 eV and the Fermi energy and
some states due to oxygen levels. From the present LSDA
calculations we can conclude that the interaction between the
transition metal and the oxygen states is less strong in the
manganites than in the cuprates. This is as expected from
optical gap measurements of the first row transition metal
perovskites: that as one traverses the row, the gap has increas-
ing p–d character, implicating greater metal–oxygen covalency
for the later 3d metals.45

The states at EF are eg states which are broader compared
with t2g states. The minority states of the Mn d are nearlyFig. 5 Partial DOS of paramagnetic La2CaCu2O6 from Cu and O
unoccupied, with t2g states mainly above EF and a small bandorbitals in the vicinity of the Fermi level
width as expected (between 0 and 1.5 eV). As we found in the
cuprates the oxygen states of the O2 oxygen atoms within the

3.3 Ferromagnetic LaSr
2
Mn

2
O

7 layers are broad; the majority states extend from −7.5 to
−0.5 eV, there are also some states at EF , but less than whenIn Fig. 6 we display the DOS due to the Mn and O atoms of
compared with the cuprates. The minority oxygen states areferromagnetic LaSr2Mn2O7 . The solid lines are the majority
found between −7 and −1.3 eV. The polarization of oxygen(notionally spin ( states) and the dashed lines the minority
states is due to the strong interaction with the polarized Mnstates (notionally spin 3 ). There is only one manganese position
d states. The p states of the apical oxygen O1 between the twoin this structure type, so that the number of electrons per
Mn–O layers are broader (a band width of 7.2 eV for themanganese is non-integral: d+3.5 . We therefore expect that
majority band, and a band width of 5.8 eV for the minorityLaSr2Mn2O7 is a metal. There are a finite number of states at
band). The position is the same as for the in-plane O2.EF for both spin directions. These states involve the partici-
However, only O2 and O3 seem to contribute to the states atpation of the Mn d and O2 and O3 p orbitals. There is a
EF . The band width of O3 is much smaller owing to the
interaction with fewer Mn atoms and because it is further
away from Mn than the other oxygen atoms with a width
around 4 eV for the majority band and 5 eV for the minority
band. Despite using a large number of k points, we cannot see
the vHSs within the total DOS.

It is interesting to compare the nature of the bonding due
to metal d

z2
with oxygen in the m=2 cuprate and manganite.

The band formed by d
z2

and O3 is antibonding. In the cuprate,
the Cu–O3 distance is longer than the Mn–O3 distance in the
manganite. Additionally, O1 is missing in the cuprate. Both
these factors serve to considerably stabilize the d

z2
of the

cuprate when compared with the manganite.
The result of a metallic DOS is clearly at odds with the

negative room-temperature temperature coefficient of resist-
ance (TCR) obtained for all three compounds. The L(S)DA
does not explicitly take electron correlation into account,
especially, the manner by which electron hopping is hindered
by the Coulomb repulsion between electrons and these are
clearly important for first row transition metal oxides as
pointed out by a number of workers in the field. We note that
the band picture can and does correctly predict insulating
behaviour in many systems with an even number of electrons
in the unit cell. Systems such as La2CuO4 are in fact borderline
systems in which antiferromagnetic ground states as well as
Coulomb correlation (the Hubbard U) can result in band-
gaps and vanishing DOS at EF .40 If the former effect is active,
within an accurate LSDA, a gap can indeed be obtained,
provided the spin-polarized calculation is performed on the
antiferromagnet. Indeed Satpathy et al.46 do obtain an insulat-
ing ground state for LaMnO3 within the LSDA, though they
point out that the large on-site Hubbard U which they estimate
to be about 9 eV is important in these systems. Our concern

Fig. 6 Partial DOS of ferromagnetic LaSr2Mn2O7 from Mn and O
here is less with the exact energetics and more with the natureorbitals in the vicinity of the Fermi level. The solid curves are the
and symmetry of the states near the EF so we defer discussingenvelope of the majority (spin ( ) states and the dashed curves are the

envelope of the minority (spin 3 ) states. the nature of gaps for the present.
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Table 1 Total energies for the different magnetic structures of
LaSr2Mn2O7

structure energy/eV

ferromagnet −481 120.00
A-type antiferromagnet −481 120.27
antiferromagnetic supercell (scaled) −481 119.73

The high density of states at EF for this ferromagnetic
composition indicates that it would be unstable in keeping
with the proposed phase segregation picture put forth for this
composition by Battle et al.47 as well as the picture of charge
ordering suggested in ref. 30. The fact that the spin-down states
are partially occupied reduces the calculated moment of Mn
from the spin only value of 3.5 mB per Mn to about 3.2 mB per
Mn. This corresponds to the value obtained for the ferromag-
netic composition La1.2Sr1.8Mn2O7 from magnetization25 and
neutron measurements.28,29

3.4 Spin DOS of antiferromagnetic LaSr
2
Mn

2
O

7

The total energies of the ferromagnetic LaSr2Mn2O7 , the
simple A-type antiferromagnet depicted in Fig. 2(a) and the
antiferromagnetic supercell depicted in Fig. 2(b) are presented
in Table 1. The differences in the energies are marginal, and
the most stable spin arrangement seems one of alternating
planes of the same spin stacked along the c axis of the structure.
This is in fact the antiferromagnetic structure observed by
Battle et al.47 for one of the two phases in biphasic LaSr2Mn2O7

Fig. 7 (a) Spin ( DOS on the Mna (solid) and Mnb (dashed) for the(more precisely, the composition is La0.96Sr2.04Mn2O7 . This is
simple antiferromagnet represented in Fig. 2(a). (b) Spin ( DOS onalso the magnetic structure of NdSr2Mn2O7 .48 The reason for
the Mna (solid) and Mnb (dashed) for the antiferromagnetic supercellperforming a calculation on the supercell shown in Fig. 2(b)
represented in Fig. 2(b). Note that the DOS due to spin ( Mna

is that a charge-ordered ground state as suggested from a corresponds to the DOS due to 3 Mnb.
combination of transport and magnetic measurements30 and
Mn site alloying experiments49 is possible with this superstruc-
ture. Such charge ordering might be observed if the structure
were allowed to relax during the calculation. Fig. 7 compares
the spin-up DOS on the two Mn atoms, labelled Mna and
Mnb in the simple antiferromagnet with the spin-up DOS on
the two different Mn of the antiferromagnetic supercell. Note
that the spin-up DOS on Mna exactly coincides with the spin-
down DOS on Mnb in both cases.

While there is a clear spin gap of about 1 eV in the
antiferromagnetic supercell seen in Fig. 7(b), the DOS of the
simple antiferromagnet shown in Fig. 7(a) resembles the ferro-
magnetic DOS rather strongly. Both the ferromagnet and the
simple antiferromagnet share the common feature that within
the planes, they are magnetized with the same polarity; the
resemblance in the DOS thus suggests that it is the in-plane
magnetic coupling that dominates the electronic structure. The
position of the EF is not within the gap states in the case of
the antiferromagnetic supercell as seen from Fig. 7(b). The
experimental situation is not entirely clear but from Fig. 6(b),
we see that if Mna and Mnb were chemically distinct apart
from being magnetically distinct, the magnitude of this gap
might be larger, yielding a picture of alternating MnIII and
MnVI in the planes coupled with a breathing mode distortion
of the surrounding oxygen octahedra. This is the experimental
situation in La0.5Sr1.5MnO4 .50 A true gap at EF might also
result if Coulomb correlations of the Hubbard U type were
explicitly introduced.

Fig. 8 Important Cu and O fatbands of La2CuO4 in a small energy
window around EF . In this and the other fatband structures, 100%

4 Band structures orbital character is indicated by a width of 0.175 eV.

4.1 La
2
CuO

4 interaction with the in-plane O2 p
z

as seen from the fatbands
derived from these orbitals, particularly at the X point. OnlyFig. 8 shows the fatbands derived from different atomic orbitals

of La2CuO4 . The Cu t2g bands are fully occupied in this one band crosses EF . It is a highly disperse band. A second
flat band is slightly below EF and touches the Fermi levelcompound and are low in energy. Only the upper portion of

this fatband is shown in Fig. 8. Cu d
xz

d
yz

have a p bonding between C and Z. From Fig. 8, we see that the highly disperse
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band comprises states derived from the Cu d
x2−y2 strongly region of the band structure. They arise, as in La2CuO4 , largely

due to the fact that Cu d
z2

does not bond very strongly in theoverlapped with in-plane oxygen O2 p
x

p
y
states. This band is

antibonding. It shows no dispersion along Z–C which is plane. The overall band width of the pds* band is the same
as in La2CuO4 indicating a similar bonding strength withinperpendicular to the planes. The cause for the high dispersion

within the layers (C–X–Z) is that the lobes of the d
x2−y2 orbital the layers. The overall band width of the d

z2
band is smaller

than what is observed in La2CuO4 because the Cu are boundpoints directly towards the four O2 oxygen neighbors within
the layers. A hopping of electrons to neighboring Cu atoms is to O only on one side. In keeping with the formal d9 electron

count in this compound and the square pyramidal coordinationthus possible through the chess-board like ordering of the Cu
atoms. For such strong metal–oxygen overlap, it is also neces- of Cu, the d

z2
band is totally occupied and the highly disperse

band derived from strongly mixed d
x2−y2 and in-plane O2 p

x
sary that the metal d levels are of nearly the same energy as
the oxygen p levels and this seems to be the case in this p

y
orbitals (the pds* band) is half filled.

structure type, particularly for the late transition metals. The
main contribution to the flat band slightly below EF comes 4.3 Ferromagnetic LaSr

2
Mn

2
O

7
from the Cu d

z2
and the apical oxygen p

z
orbital from O3

We now discuss in some detail the band structure of this
which are directed onto one another. The Cu s states also

compound. Fig. 10 shows the important majority (spin ( )
contribute to this band, but are above EF . As expected, this

fatbands of ferromagnetic LaSr2Mn2O7 within a 7 eV window
d
z2

band has some dispersion perpendicular to the plane along
around the Fermi level. The crystal field splitting separates the

Z–C in which region it is split up into two bands. This
t2g levels from the d

z2
and the d

x2−y2 orbitals by about 1 eV
dispersion is much less compared than the width of the Cu–O

(taking the smallest value). The elongation of the apical bonds
band in the plane, owing to the longer out-of-plane Cu–O

in the MnO6 octahedra should split eg . MnIII is a well known
bond lengths. The most important feature of this band structure

Jahn–Teller system, but the splitting of the t2g and eg states
is the hybridization of the two eg bands between C and Z (Z

cannot be ascribed to this cause within the present calculation
in the next BZ), which leads to the saddle point. A similar

framework. Apart from the crystal field and the elongation of
situation is also found in other cuprate superconductors. We

the octahedra, there is also an exchange splitting of about 2 eV
note from this figure (Fig. 8) and in the next one, of the

due to spin polarization as we saw in the DOS. Minority t2gfatbands of La2CaCu2O6 (Fig. 9), that the O2 pz orbital is not
(not shown) make a large contribution to the DOS at EF as

of interest in that it does not participate in the states near the
we have remarked earlier. This could be an artifact of the

Fermi level. It is however involved in forming the pdp* band
LSDA. In the principle C–X and X–Z directions which corre-

with the Cu d
xz

d
yz

orbitals.
spond to bonding in the plane, the dispersion of the t2g bands
are not very large. The t2g level is also less stabilized in

4.2 La
2
CaCu

2
O

6 comparison with the cuprates because of smaller filling. In the
Z–C direction which is indicative of bonding along the zA similar bonding interaction is found for La2CaCu2O6 , whose

important fatbands in the vicinity of EF are presented in Fig. 9. direction, the dispersion is small in agreement with the general
understanding that these phases are strongly two-dimensional,The main difference is the observation of two nearly degenerate

bands along C–X–Z because of the bi-layered nature of the but is larger than in the cuprates. As in the cuprates, the
overlap of Mn d

x2−y2 with in-plane O2 p
x

p
y

gives rise to astructure. Another difference is that one missing oxygen in the
Cu–O polyhedra (square pyramid instead of octahedra) stabil- highly disperse band in the C–X–Z region of the band structure.

Note from fatband widths, however, that the metal derivedizes considerably a branched Cu d
z2

derived band. Two saddle
points, one 0.24 eV and the second, which is bifurcated, 0.58 eV states contribute a greater weight to this band than the oxygen
below EF can be found in the C and Z (Z in the next BZ)

Fig. 10 Important spin ( fatbands of ferromagnetic LaSr2Mn2O7Fig. 9 Important Cu and O fatbands of La2CaCu2O6
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derived states in contrast to the cuprates where the contribution
is about equal. This trend has been noted in the discussion of
the DOS. The width of the majority band is about 4 eV. The
width is large enough that the tetragonal splitting of the eg
level (to stabilize Mn d

z2
over Mn d

x2−y2) is obscured in
Fig. 10. The Mn d

z2
majority bands are split because there are

Mn–O–Mn interactions only on one side. In other words, the
two apical oxygen atoms in each MnO6 , namely O1 and O3,
are not equivalent. The consequences of this d

z2
splitting are

significant and discussed presently. What is interesting is the
very flat branch of the majority d

z2
hybridised with d

x2−y2
bands in the C–Z direction (Z in next BZ). The flatness or
lack of dispersion is merely a manifestation of the weak
bonding involvement of the out-of-plane orbitals.

We now discuss the oxygen participation near the EF shown
as fatbands in Fig. 10. As anticipated, the O2 p

x
and p

y
orbitals

are strongly mixed in the majority band derived from the Mn
d
x2−y2 orbitals. The in-plane p

z
orbitals (not shown) are seen

not to bind very strongly to Mn d
z2

near the Fermi energy.
The p

z
orbitals on the apical oxygen atoms O1 and O3 show

some interesting features as observed from the fatbands shown
in Fig. 10. The p

z
orbitals on O1 and O3 from s bonding and

antibonding bands with the d
z2

orbitals on Mn. The presence
of two Mn in the unit cell further splits these bands through
interaction with one another giving two bonding and two
antibonding bands each for the Mn–O1 and Mn–O2 inter-
actions. The antibonding bands are near the Fermi energy and
are clearly seen in the fatband representation along the Z–C
direction (Z along c*). The Mn–O1 distance (dMn–O1=1.95 Å)
is shorter than the Mn–O3 distance (dMn–O3=1.98 Å). As a
result, the two branches of the Mn d

z2
O1 p

z
s* orbital derived

bands are simultaneously more stabilized and destabilized than
the branches of the Mn d

z2
O3 p

z
s* derived bands, and while

the latter fortuitously crosses EF , the upper branch of the
former is about 0.8 eV above EF in the Z–C region of the BZ.
The splitting of the majority Mn d

z2
fatbands near EF is thus

linked with the lower branch being overlapped with O3 p
z

and the upper branch with O1 p
z
. The consequences are as

follows. (1) On replacing La by smaller lanthanoids (Pr, Nd,
etc.) in (LnSr)3Mn2O7 the transition from a paramagnetic
insulator to a ferromagnetic metal (as observed in the La
compound) is not observed. This can now be ascribed to the
elongation of dMn–O3 (observed in experiment) stabilizing the
lower d

z2
branch thus moving the instability in the DOS to

EF . This results in antiferromagnetic insulating ground states.
(2) On replacing La by smaller lanthanoids and on cooling,
the nature of the Jahn–Teller like distortion is ‘5-in, 1-out’
rather than the usual D4h ‘4-in, 2-out’. There are also unusual

Fig. 11 (a) LMTO-ASA Fermi surface of paramagnetic La2CuO4 .pressure dependences of the Mn–O bond lengths. These are
(b) Energy isosurface of La2CuO4 at a constant energy 0.06 eV belowclearly related to the branched structure of the Mn d

z2
fatband.

EF . In both figures, the colours represent the velocities and thus the
dispersion. A shading from red to blue indicates regions of high and
low velocities respectively in this and the next two figures.4.4 Fermi surfaces

The Fermi surfaces of La2CuO4 , La2CaCu2O6 and
LaSr2Mn2O7 are shown in Fig. 11, 12 and 13. The represen- lation we know that only one, the half-filled pds* band, crosses

EF . Therefore there is only one envelope of the Fermi surface.tation is looking down c* perpendicular to the plane which
contains C–X and the Z in the neighboring BZ. One Z point For a simple half-filled square net we expect square cylinders

with electrons around C and holes around X and perfectfalls nearly on the top of the C point. Because of the body
centering the Z points of the neighbouring Brillouin zone are nesting with q=(p/a, p/a, 0). The Fermi surface of La2CuO4

seen here consists of X centered cylinders of holes with fourin the same plane as the C point. The colours of the plots
reflect the Fermi velocity, where red means a high Fermi sharp knobs and a nesting vector slightly larger than q=(p/a,

p/a, 0). We know from the density of states and the bandvelocity and blue a low Fermi velocity.
Our three-dimensional visualisation of the Fermi surface is structure, that there is a DOS peak (a vHS) associated with a

saddle point in the energy isosurface ek about 0.06 eV belowin good agreement with the known LDA Fermi surface of
tetragonal undistorted La2CuO4 . In case of tetragonal EF . We therefore chose this energy to construct an energy

isosurface shown in Fig. 11(b). Note that in a sense, we areLa2CuO4 , a relative simple and roughly two-dimensional
Fermi surface is seen in Fig. 11(a). The thickness of the Fermi doping holes by considering such energy isosurfaces. The

isosurface takes on an X-shape around 0.4 along the C–Z (Zsurface in the plane of the representation and the structure of
the Fermi surface along C–Z suggests that there is a small in next BZ) direction. A further reduction of the energy of the

isosurface leads to cylinder now centered around C but withthree-dimensional contribution. From the band structure calcu-
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a nesting vector of the same order [slightly smaller than q=
(p/a, p/a, 0)]. Around the saddle point along the C–Z direction
(Z in next BZ), the blue color of the FS demonstrate local
states (small Fermi velocity) whereas the Fermi velocity is high,
when the isosurface cuts the C–X direction.

Since La2CaCu2O6 has two Cu–O layers per unit cell which
should be rather weakly coupled, a pair of layer-derived CuO2
pds* bands are expected to cross the Fermi level, each similar
to the corresponding band in La2CuO4 . Therefore the calcu-
lated Fermi surface [Fig. 12(a)] consists of two nearly degener-
ate envelopes (cylinders around the X point) arising from the
two Cu–O layers. It should be noted that these surfaces must
be regarded not as arising individually from the two layers but
rather as due to bonding and antibonding combinations of the
states of the Cu–O layers. Compared with the Fermi surfaces
of La2CuO4 this Fermi surface is less three-dimensional as can
seen by the fact that the in-plane thickness of each envelope
is very small and there is no structure along C–Z. The knobs
of this FS are also less sharp. In this compound there are large
flat portions in blue regions perpendicular to the (C–Z) direc-
tion. Because of the two saddle points along the C–Z direction
we plot two energy isosurfaces for ek=EF−0.24 eV and for
ek=EF−0.58 eV as seen in Fig. 12(b) and (c). If the Fermi
energy coincides with the first saddle point, the isosurface
shows one cylindrical envelope around X, which belongs to
the second band and one X-shape nesting nearly halfway
between C and Z (Z in next BZ). This leads to a surface of
two cylinders, one with electrons around C and one with holes
around X. If the isosurface touches the second saddle point,
we observe an X-shape nesting for the second band with
cylinders that have sharp knobs. The electrons are around C
and holes around X and the cylindrical energy isosurface of
round knobs has electrons around C of the first band. The
energy isosurface for an energy slightly above both saddle
points are two cylinders with different radii around C.

In Fig. 13 we see the Fermi surface of the CMR system
LaSr2Mn2O7 . In addition to the two cylinders, which show
similar energy behavior to the energy isosurfaces of
La2CaCu2O6 , we observe a three-dimensional Fermi surface
along C–Z where Z refers to (0, 0, p/2c). This feature exists in
the undoped compound and reflects on one hand the greater
three-dimensionality of the overall band structure and on the
other hand that the d

z2
is not fully occupied. The Fermi surface

has no structure along C–Z and sharper knobs when compared
with La2CaCu2O6 . The blue regions (of low Fermi velocity)
are larger and only at a part of the Fermi surface along C–X
is the velocity high. Also in this system, there are holes around
X and electrons around C.

5 Conclusions

An analysis of the TB-LMTO band structure in the vicinity of
the Fermi energy in conjunction with the powerful ‘fatband’
representation allows a clear view of the states that contribute
to conductivity and magnetism in the three compounds studied.
Comparing the manganite with the cuprate, the differences in
the electronic structure arise because of the different filling of
the frontier d levels and the spin-polarization in the case of
the manganite. More subtle differences can be accounted for
by the distinct MO polyhedra of the three compounds studied.
The nature of bands in the principle bonding direction C–X
seem to be similar in the cuprates and the manganites. Strong
bonding in the plane between metal d

z2−y2 and O p
x

p
y

lead
to disperse d

x2−y2 bands whose bandwidth hides the Jahn–
Teller distortion. The metal d

z2
level is flat because it is not

very strongly bound in the C–X direction. This flat band
results in the van Hove-like features in all three compounds Fig. 12 (a) LMTO-ASA Fermi surface of paramagnetic La2CaCu2O6 .studied. These features have been easily visualised through the (b) Energy isosurface of La2CaCu2O6 at a constant energy 0.24 eV

below EF . (c) Energy isosurface of La2CaCu2O6 at a constant energyuse of energy isosurfaces and Fermi surfaces.
0.58 eV below EF .The interesting feature in these band structures seems to be
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