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Electronic structure of the layered manganite LaSpMn,0-,
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Ab initio electronic structure calculations, based on density-functional theory within the generalized gradient
approximation, on LaSMn,0; are reported. The bulk electronic structure shows a gap in the minority-spin
channel, while the Fermi energy lies at the bottom of the minority conduction band. At the surface of
LaSrLMn,0;, the magnetic moment per formula unit and the spin polarization at the Fermi energy are lowered
with respect to the bulk valuepS0163-1829)08139-4

[. INTRODUCTION the presence of a surface on the electronic structure, we also
performed a slab calculation.

Manganese-based perovskites have received considerable
attention in recent years due to their wide variety of fasci-
nating physical properties. Those properties include, for in- Il. CALCULATIONS AND STRUCTURE
stance, colossal magnetoresistahte magnetostructural
transition® magnetic polaron$current switching of resistive The crystal structure of Lagvin,0; can be viewed as a
states, light-induced metal-insulator transitién® and  stacking of sheets of double layers of MgnGctahedra. The
charge ordering. space group of the crystal structurel@&@mmm (No. 139.

The layered variants of the perovskite structure have th&nit-cell parameters are taken from Ref. 22. The La and Sr
general formulaA, . ;Mn, O3, 1, With A being an admixture atoms occupy thel2and 4e (z=0.318) sites. The La and Sr
of trivalent and divalent cations. From an experimental pointatoms are, to some extent, randomly distributed among those
of view, the layered manganites are more easily prepared arsites, although theetsite is preferred by the Sr atorfsin
characterized. Especially the£2) compound® have at- our calculations the Sr atoms were placed at thesitles and
tracted intensive interest. The layered crystal structure affecthe La atoms at thel® sites.
many properties. For instance, magnetoresistances are The calculation of the surface electronic structure of
larger!*~13Curie temperature$, are lower, pressure depen- LaS,pMn,0; was performed with a slab, built by a stacking
dences are differerdf,and magnetic polarons are larder. of three double Mn layers and a vacuum region with a length

One of the interesting properties of the manganites is thef 6 A in the stacking direction. This resulted in a unit cell
electronic structure. Severab initio electronic structure cal- with ac axis of 35.9946 A. The surface layer consisted of a
culations on the rf==) perovskite compounds have been SrO layer, which is the most probable geometry both from
reported:®~18 They showed that the ferromagnetic mangan-considerations on the crystal structure and from consider-
ites are half-metallic, which has recently been verifiedations on the charges of the ions. The SrO layer, consisting
experimentally:>?° There could be a relationship between of SP* and G~ ions, is electrically neutral in the sense that
half-metallic magnetism and the occurrence of magnetoresist bears no net electrical charge. The slab and bulk unit cells
tance. Half-metallic materials are of importance as the sourcare shown in Fig. 1.
of spin-polarized electrons in, e.g., spin electronics. Since The calculations were performed with the full potential
layered manganites cleave more easily and form well-definetinearized augmented plane waieAPW) method?® which
electrically neutral surfaces, a study of the amount of spiris based on the density-functional thedFT). Exchange
polarization is timely. and correlation were treated within the generalized gradient

Ab initio calculations on layered manganites have notapproximatiort* The standard basis set of plane waves was
been reported, with the exception of a bulk LSBA extended with local orbitals. In the calculation of the elec-
calculation? which shows only a very limited amount of tronic structure of bulk LaSMn,O, approximately 1000
data and no details of the calculation. We have calculated thplane waves were used. In the slab calculation planes waves
electronic structure of the layered manganite LEBKLO,. up to the same maximum plane-wave length.. as in the
The choice for this compound is based on the following con-bulk calculation were used, resulting in a basis set with ap-
siderations. Most reports on the layered manganites have f@roximately 3600 plane waves. The radius of the La and Sr
cused on the compounds 48,Sr . ,,Mn,O;. The ferro- spheres was 2.5 a.u., while the radius of the Mn and O
magnetic regime, where the highest values of thespheres was 1.8 a.u. The Brillouin-zone integration was per-
magnetoresistance occur, is roughly between the doping leWermed with the modified tetrahedron method on a special
els x=0.2 andx=0.5. For efficiency reasons the unit cell mesh of 56k points for the bulk calculation. This was more
should be taken as small as possible in the calculationghan enough in order to reach numerical convergence. The
Therefore, we have focused on tke 0.5 compound. slab calculation was performed with X5points, which was

Hence, we have calculated the electronic structure o&nough for calculating integrated properties, such as charges
LaSrLMn,O,. Furthermore, in order to reveal the influence of and magnetic moments, reliably.
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FIG. 1. The crystal structure of LaBin,O,. Oxygen atoms are
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FIG. 2. Band structure of the majority-spin channel of
LaSKprMn,0;.

narrow bands at 2.5 eV abo¥#g are formed by unoccupied
La 4f states.

The O 2 and Mn 3 states, especially those of the
majority-spin direction, are strongly hybridized. This is re-
flected, for instance, in the broader width of the majority O

placed at the corners of the octahedra, Mn atoms at the center of tifd? Pands. Further, the density of states at the Fermi energy,
octahedra. The octahedra in the figure are undistorted. They are Which is mainly formed by Mre, states, has a substantial O
fact distorted both experimentally and in the calculations. The blaci€haracter, as can be seen in Fig. 4.

spheres denote La/Sr atoms. The solid line encloses the conven- If LaSr,Mn,0O; would be really half-metallic, the spin po-
tional unit cell of bulk LaSsMn,O,. Shown are three double Mn larization at the Fermi energy would be 100%, and the mag-
layers. The unit cell of the slab calculations is built by these three

double layers plus an extra vacuum region of 6 A. Each layer of

atoms is labeled by a number and the metal atom in the layer.

Ill. RESULTS

The band structure of bulk Lagin,O; is shown in Figs.
2 and 3(majority- and minority-spin channel, respectively

The total and sphere projected density of states, as well as
the density of states in the interstitial space, is shown in

Fig. 4.

The bands between 17 and 20 eV below the Fermi energy

are the O 2 bands. The La p states and the Sipistates lie

at 15-16 eV belovEg. The bands between 1.5 and 7.5 eV

below the Fermi energy are primarily derived from @ 2

states. Considering the majority-spin direction, the bands be- -10.0 -
tween 1.5 eV below the Fermi energy and 2.5 eV above the

Fermi energy are mainly formed by Mrd3tates. The wide-
bands crossing the Fermi level have maiely character,
while the more narrowt,, states lie near 1 eV belo® .

Due to the exchange splitting, the Mnd 3states of the

minority-spin channel lie approximately 2 eV higher than the
corresponding states of the majority-spin direction. As a con-
sequence, the minority channel shows a gap of 1.7 eV in the
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electronic structure near the Fermi energy. The Fermi energy FIG. 3. Band structure of the minority-spin channel of
lies just at the bottom of the minority conduction band. TheLaSrMn,0,.
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FIG. 5. Total density of stateén states/eV, resulting from the
slab calculation.

parallel to the stacking direction, almost no dispersion is
present.

The electronic structure, resulting from the slab calcula-
tion, shows many similarities to the bulk electronic structure
of LaSrMn,O,. The band structure is strongly anisotropic, a
gap is present near the Fermi energy in the minority channel,
and the widths of the bands are the same within 0.1 eV.
Figure 5 shows the total density of states of the slab unit cell.
The density of states has basically the same energy depen-
dence as the bulk density of states, besides a factor of 3 due
to the larger unit cell. The main difference is the size of the
gap for the minority-spin direction, which is now 1.5 eV.
The densities of states per atgnot shown are very similar
to the bulk, even for the Sr and O atoms at the surface.

The charges and magnetic moments within each sphere
are listed in Table I. Those numbers are dependent on the
choice of the sphere radii, of course. However, this does not
affect a comparison between the bulk and the slab calcula-
tions, which were performed with the same set of radii. The
differences between the bulk and slab calculations are very
small for most atoms, especially for the central lay@a-1,
Sr-3). This shows that the central layers are already quite
well converged to the bulk electronic structure.

We will now discuss the differences that are larger than
FIG. 4. Total density of states, density of states per atom, an§-005 €lectrons and/or 0.09% . The Mn spheres in layer
density of states in the interstitial spatie states/ey. The solid ~ Mn-5 contain 0.016 majority electrons less than in the bulk,
(dashedl line denotes the density of states of the majority- @nd 0.007 less minority electrons, resulting in a magnetic

(minority-) spin channel. The three different O atoms successivelynoment which is 0.00gg smaller. The charges in the Mn
lie in the same layer as the La, Sr, and Mn atoms. sphere in layer Mn-7 are larger than the bulk values, 0.002

(majority) and 0.014(minority) electrons, respectively. The
netic moment would be an integer number, inthis capg7  magnetic moment in this sphere is 0.Qi2 smaller. The Sr
Since the bottom of the minority conduction band lies justand O atoms in the surface layer both have lower charges for
below the Fermi energy, the electronic structure is not halfboth spin directions. The Sr atom contains 0.02927 less
metallic, but the characteristic values are close to the halfelectrons for the majorityminority) spin direction, while
metallic ones. The minority density of states at the Fermihese numbers are 0.024 and 0.027, respectively, for the O
energy is very low, resulting in a spin polarization of 90% atatom.

Er. The primitive unit cell bears a magnetic moment of The charge differences show that there is some oscillation
6.995up . present in the direction perpendicular to the surface. The
The strong anisotropy, due to the layered crystal structuranagnetic moments in the layers near the surface are lowered
is well reflected in the band structure. In the directions perwith respect to the bulk. As a consequence, the magnetic
pendicular to the stacking direction, i.e., the lil&XI", the  moment of the slab unit cell is 20.914;, . Assuming that the
bands show an appreciable dispersion. Along the TiZe  central layers(La-1, Mn-2, Sr-3, including the interstitial
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TABLE |. Total number of electrons and magnetic moments  TABLE Il. Spin polarization at the Fermi energy in the whole

within each atomic sphere. unit cell, in the interstitial space, and in each layer of atoms. The
spin polarizationP is defined asP=[N;(Eg) —N (Eg) /[ N;(Eg)
No. electrons Magnetic + N, (Eg)]. Only contributions from the density of states within the
Layer Atom  majority minority  moment (ug) atomic spheres are taken into account in the calculated polarizations
Slab per layer.
La-1 La 26.907 26.883 0.024 Region Polarization
(@] 3.897 3.849 0.048 Slab
Mn-2 Mn 12.618 9.698 2.920
0 3.916 3.846 0.070 Total 76%
Sr-3 Sr 17.951 17.947 0.004 Int. >4%
0 3.845 3.805 0.040 La-1 79%
Sr-4 Sr 17.951 17.947 0.004 Mn-2 78%
0 3.844 3.806 0.038 Sr-3 98%
Mn-5 Mn 12.597 9.687 2.910 Sr-4 99%
0 3.913 3.846 0.067 Mn-5 97%
La-6 La 26.907 26.883 0.024 La-6 73%
0 3.896 3.849 0.047 Mn-7 8%
Mn-7 Mn 12.615 9.708 2.907 Sr-8 96%
o) 3.914 3.848 0.066 Bulk
Sr-8 Sr 17.926 17.920 0.006
o) 3.818 3.777 0.041 Total 90%
Int. 75%
Bulk La-1 91%
La-1 La 26.907 26.883 0.024 Mn-2 90%
0 3.894 3.848 0.046 Sr-3 99%
Mn-2 Mn 12.613 9.694 2.919
0 3.914 3.844 0.070 structure that is very close to being half-metallic. The (
Sr-3 Sr 17.951 17.947 0.004 =) perovskite manganites show a calculated electronic
o) 3.842 3.804 0.038 structure that is very resemblant to the electronic structure of

LaSrLMn,O;: a gap in the minority-spin direction, the Fermi
level being positioned at—or just below—the bottom of the
space in that regioncarry a bulklike magnetic moment minority conduction band. Recent experiments showed that
(6.995u5), the magnetic moment per formula unit at the perovskite manganites are indeed half-metdfit® It is ex-
surface is only 6.96Q.5 . pected that corrections to the approximation applied in this
The spin polarization of electrons at the Fermi energy ispaper (like self-interaction correction or an LDAU
shown in Table Il. The spin polarization is a quantity that isscheme will tend to shift the occupied states to lower ener-
more sensitive to the number kfpoints used in the integra- gies with respect to the unoccupied states. If this will be the
tion scheme than integrated properties such as charges andse, a truly half-metallic electronic structure could be the
moments. This could be an explanation why the polarizatiomesult for the layered manganites as well. This would favor
at the central layers is lower than the polarization resultinghe layered manganites over the={«) perovskite mangan-
from the bulk calculations, while other properties of the cen-ites in experimental research, since the layered manganites
tral layers are almost the same as the bulk properties. It isre more easily prepared and characterized.
however, still possible to compare the polarizations of the A priori, it is expected that the possible half-metallic char-
different layers in the slab calculation. The global trend is aacter is even enhanced at the surface, due to band narrowing.
decrease in polarization towards the surface, although thidowever, band narrowing, a common feature at the surface
polarization in the Mn layers shows again an oscillation ef-even in layered transition-metal dichalcogeniéfedpes not
fect. The decreasing polarization is in agreement with theccur here. Further, near the surface the bands are not shifted
lowering of magnetic moments near the surface, indicatingn energy, showing that the Madelung potential at the surface

the reliability of the polarization calculation. is similar to that in the bulk. This is related to the electrical
neutrality of the surface layer. Hence, the bulk and the sur-
IV. DISCUSSION face electronic structure of La®in,O; are in fact remark-

ably similar. The main differences are the slightly lower

Results of calculations, performed within the scope ofmagnetic moment per formula unit and spin polarization of
DFT, should be considered with caution, especially in theelectrons at the Fermi energy at the surface as compared with
case of transition-metal oxides. Localized states, such as thie bulk. Due to the small differences between bulk and sur-
Mn d states, are usually predicted to have an energy that iface, experimental techniques that are surface sensitive are
too high in calculations that make use of approximations likestill valuable tools for determining bulk properties here.
the local-density approximatiot. DA) or the general gradi- The occurrence of magnetoresistance is related to the
ent approximation. The calculations show an electronicasymmetry between the electronic structure of the two spin
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