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Effect of oxygen stoichiometry on spin, charge, and orbital ordering in manganites

R. Vidya* P. Ravindran, P. Vajeeston, A. Kjekshus, and H. Fjgjlva
Department of Chemistry, University of Oslo, P.O. Box 1033 Blindern, N-0315 Oslo, Norway
(Received 8 September 2003; published 18 March 2004

Using full-potential density-functional calculations we show that oxygen stoichiometry plays an important
role on spin, charge, and orbital ordering in manganites. The electronic structure and magnetic properties of
LaBaMn,Os, s have been studied fa¥=0, 0.5, and 1; fors=0 and 0.5 the system exhibits charge, orbital,
and antiferromagnetic spin ordering, whereagatl the charge and orbital orderings disappear but the spin
ordering remains. We also bring out an insulator-to-metal transition upon goingdrethto 1. The study
suggests that one can manipulate the charge and orbital orderings in certain perovskite-like oxides by merely
varying the oxygen stoichiometry and hence design oxides with desired electrical and magnetic properties.
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There has been an upsurge of interest in perovskite-likéin and O atoms are present and reflected in different
manganese-based oxides since the discovery of colossa-Mn-O angles (apicai161°; equatoria+180°).
magnetoresistanc€CMR). The CMR manganites display a LaBaMn,Os s is orthorhombie [space groupAmmm see
fascinating diversity of behaviors including several forms ofFig. 1(c)]. The additional oxygen atoms fé=0.5 are at the
spin, charge and orbital orderingBereafter SO, CO, and oxygen-empty layers of the LaBaN@s-type variant. Hence
00).! The electronic, magnetic, and CMR features of a givenLaBaMn,Os 5 has square pyramidéaround Mril)] as well
material are largely determined by the chemical compositioras octahedral [around Mr2)] coordinations of Mn.
and crystal structure and these properties may be quite senaBaMn,Og also has a tetragonal structlifespace group
sitive to even tiny changes in the atomic architecture. Henc®4/mmm see Fig. 1e)]. The added oxygen atoms complete
an improved understanding of how composition and structhe conversion from square pyramidal coordination around
ture affect transport and magnetism and this may guide th#in(1) at 5=0 to octahedral ab=1. The interesting aspect
search for new CMR materiafs. of LaBaMn,Os, 4 is that the arrangement of 84 and B&*

The interplay between the crystal symmetry and theremains unchanged, hence the similarity between the three
atomic orbitals plays a crucial role in the conductivity of the structures is reinforced.
ey electrons in manganites. The transfer integtalof e, We have calculated the total energy of LaBaj@g, 5 in
electrons between neighboring Mn sites is mediated by théne para<{P), ferro- (F), and antiferromagneticAF) configu-
O-2p orbitals and hence depends on the degree of hybridiza-ations for the experimentally reported structural parameters.
tion between Mn-8 and O-2 orbitals. The substitution of The full-potential linear muffin-tin orbital (FPLMTO)
divalent cations on tha site of REMnQ (RE stands for rare  calculation8 presented in this paper are all-electron, and no
earth perovskitesie.g., the parent CMR material LaMgD  shape approximation to the charge density or potential has
induces holes in they band. Many studies have addressedbeen used. The basis set is comprised of augmented linear
the effect ofA-site-substituted cations on SO, CO, and OO.muffin-tin orbitals’ The calculations are based on the
Although it is well known that the long-range CO and the generalized-gradient-corrected GGA) density-functional
transfer efficiency of CMR materials are very sensitive to thetheory as proposed by Perdawal® Spin-orbit coupling is
oxygen stoichiometry, a complete picture of the role of theincluded directly in the Hamiltonian matrix elements for the
oxygen content and localization is lacking. In an attempt topart inside the muffin-tin spheres. We used a multibasis in
partly remedy this situation we have studied the SO, CO, andrder to ensure a well-converged wave function, i.e., several
OO0 in the model system LaBaM0@s, s (6=0, 0.5, and 1 Hankel or Neumann functions, each attached to its own ra-
In addition to a significant CMR effect, ferromagnetic order-dial function, have been used. Hence the basis included are
ing (viz., T¢) close to room temperature is considered essengs, 6p, 5p, 5d, and 4 orbitals for La and Ba, g, 4p, and
tial for technological applications of manganites. Ba-3d orbitals for Mn, and 8, 2p, and 3 orbitals for O. The
substituted LaMn@ offers interesting featurésvith T near spherical-harmonic expansion of the charge density, potential
room temperature and large resistance changes just abowad basis functions was performed upfg.,=6. For the
[e.g., Tc~362 K (Ref. 4 for Lag ¢sBay 3sMNOs]. Hence the  total-energy study th&-space integration is done using the
studies on LaBaMyOs, 5 may prove to be of basic as well special point method with 192 points in the irreducible part
as applied scientific interest. of the first Brillouin zone. For the F and AF calculations, the

LaBaMn,Os crystallizes in the tetragonal double- magnetization axes are chosen in accordance with experi-
perovskite-type structufdspace grougP4/nmm see Fig. mental findings:® In the AF calculation for LaBaMyOs s,
1(a)]. It consists of double layers of apex-sharing MnO an explicit supercell with 38 atoms is considered. In order to
pyramids interleaved by oxygen-empty layers {Baare  verify the results obtained from the FPLMTO method and to
in the oxygen-apical layers and $fain the oxygen-empty calculate the occupation matrix of each of the Mai-Grbit-
layers. The Mn-O distances in the polyhedra are influencedals, we have done similar calculations by the full-potential
by the size difference between aand B&" owing to linearized-augmented plane-wav&PLAPW) method as
their arrangement along. Two crystallographic types of implemented in WIEN97?. Atomic-sphere radii of 2.8 a.u.
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stitution changes the valence of the Mn ions. Similarly the
variation of the oxygen stoichiometry modifié¥ and the
valence of the Mn ions and this may be used to manipulate
SO, CO, and OO in perovskite-like oxides as shown here for
the LaBaMpOg, 5 phase.

Table | shows the results of FPLMTO calculations per-
formed for the P, F, and AF configurations of LaBaj@3, 5
(similar results were obtained from the FPLAPW method
For all three compositions the AF state is found to have the
lowest energy. Table Il shows that AF LaBapy has a
finite total moment of 0.94g, implying that it is in fact
ferrimagnetic(Ferri). The Ferri ground state and the calcu-
lated magnetic moment are in good agreement with the ex-
perimental findings. From the difference in the ionic size
and magnetic moment, it is experimentally established that
Mn(1) corresponds to Mt and Mr(2) to Mn?" both in
high spin (HS) states. This picture for LaBaM®s agrees
fully with the outcome of the present calculations. In order to
analyze changes in the electronic structure with respect to the
oxygen stoichiometry, the density of statd30S) in the
ground-state configurations of LaBaMDs, ;s is given in
Fig. 2. An energy gapKg) of ca. 0.84 eV opens up between
the valence and conduction bands in LaBaia[Fig. 2(a)],
giving an insulating state in accordance with the experi-
ments. The Ferri ordering leads to significant topological dif-
ferences in the up- and down-spin DOS.

In general, local-density approximation including Cou-
lomb correlations effects(LDA +U) calculationd® are
thought to be necessary to study the electronic and magnetic
properties of transition-metal oxides. However, our calcula-
tions show that the insulating behavior and magnetic proper-
ties are correctly reproduced by the usual density-functional
calculations for the manganites considered in the present
study.

As mentionedt depends on the degree of the hybridiza-
tion between the Mn-@ and O-2 orbitals, which in turn
makes this parameter sensitive to the oxygen stoichiometry.
The Jahn-TellefJT) distortion (associated with HS M)
induces an anisotropy in the interaction between dland
O-p orbitals. Moreover, owing to the size difference between
La>" and B&" and the oxygen vacancies in the®[alayer,
the degree of hybridization between the Mrand Op or-
bitals is reduced. Hendeand consequentlW also decrease.
for La and Ba and 2.0 and 1.6 a.u. for Mn and O, respecMoreover, the differences in Mn-O-Mn bond angles and
tively, were used. Exchange and correlation effects aréMn-O bond lengths promote significant distinctions between
treated using the GGAThe charge densities and potentials t within and perpendicular to the basal plane of LaBa@n
in the atomic spheres were represented by spherical harmoiithe decreases inandW reduce the double-exchangeE)
ics up to€ =6, whereas in the interstitial region these quan-interaction, and hence the superexchange interaction over-
tities were expanded in a Fourier series. The radial basisomes the DE, thus favoring the insulating AF/Ferri CO
functions of each LAPW were calculated up €e=10 and and/or OO state. Therefore, in addition to Ferri SO, CO oc-
the nonspherical potential contribution to the Hamiltoniancurs with the equal amounts of Mh and Mrf* in
matrix had an upper limit of =4. From the¢,m projected LaBaMn,Os. In order to elucidate the effect of oxygen
charge density the CO and OO ordering in these materialstoichiometry on CO and OO, we show the spatial
are analyzed. For further computational details see Ref. 103d-electron distribution at each Mn site for the majority and

In RE; _,AE,MnO; (AE stands for alkaline eartrcom-  minority spins in Figs. (@) and 1b). The appreciable differ-
pounds the one-electron bandwidiy) of the Mnd elec- ence in the distribution of majority and minorityelectrons
trons decreases with decreasing size ofAksite cation, and between MA™ and Mrf* in LaBaMn,Os, implies the pres-
leads in turn to CO and/or OO. In addition, thesite sub- ence of CO.

FIG. 1. (Color online@ The majority- and minority-spin
Mn-3d-electron distribution in (a,b LaBaMn,Os, (c,0
LaBaMn,Os 5, and (e,f) LaBaMn,Og. Atoms inside cyan-colored
square pyramids correspond to p(Mn in e,f) and those inside
pink-colored square pyramids/octahedra correspond t2Mn
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TABLE |. Total energy(relative to the lowest-energy state in 15 — T T
meV/f.u) in LaBaMnOs, s for the P, F, and AF phases using | i
FPLMTO with GGA and spin-orbit coupling included. 5 1 i
Composition P F AF
LaBaMn,0s 3922 438 0 St l W
LaBaMn,Os 5 3850 593 0 i 8=0; Ferri
LaBaMn,Og 2625 6 0 —
. . . . T (b)
It is well established that OO plays a crucial role in the 5t

magnetic and electronic properties of manganites. As elec-
trons closer to the Fermi leveEg) participate more in hop-
ping interaction and determine the electronic properties, we
show the orbital distribution of such electrons for
LaBaMn,Os in Fig. 3@. Owing to the Mn-O-Mn bond
angle of 161° for Miil), the transfer of the @ electrons is

not complete and these electrons therefore tend to localize in
a certain pattern over the Mn sites of LaBaj@3. Accord-
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ing to the orbital-projected DOS, tha,,, d,,, andd,, or-
bitals of Mr®* and thed,2_,2 orbital of Mr?* are found in -5 | W
the energy range-1 eV to E¢, leading to the ordering of I 1 5-1: AF

i

. . . I
these orbitals as shown in Fig(a3. T
For LaBaMnyOs 5, the ground-state SO is found to be AF, ' ' ' ; ' '

i

|

in perfect agreement with the experimental findiRgaur- I T 1

ther, the Mn atoms in the square pyramidal and octahedral 5| f\j‘w M

coordinations take a HS Mnh state. The system remains

insulating on going to LaBaMi©Os 5, but Eg is reduced to J BN

0.26 eV[Fig. 2(b)]. As half of the square pyramids a=0 ST l ! 1

has been converted into octahedrasat0.5, half of the O - §=1; F ! 1
]

vacancies in the La layers is filled, and the overlap interac-  _q5 L L L L L
tion between Mnd and Op orbitals is thereby increased. -6 -4 -2 0 2 4 6
The bandwidth in turn increases, reducing the band gap. The Energv (eV)

difference in the crystal fields of square pyramids and FIG. 2. Total DOS of LaBaMjOs. 5 in the magnetic configu-
octahedra and the accompanied JT distortion increase tations denoted on the illustration. The Fermi level is marked with
carrier-to-lattice coupling and result in localization of the dotted line.
charges. Figures(&) and Xd) illustrate the difference in the S
distribution of majority and minorityl electrons between the t0 form an OO pattern as shown in Fighg
Mn ions at=0.5, indicating the presence of CO. As the Experimentally, F ordering is fouridfor LaBaMn, O,
orbital degeneracy is lifted due to the JT effect, and anisothereas oufFPLMTO and FPLAPW calculations give AF
ropy in the electron-transfer interaction results due to thé®S the ground state. However, recent experimental studies
partial stuffing of the oxygen vacancies, OO occurs. Thefonclude that both F and CE-type AF ordering coexist in
square pyramidal Mn of LaBaM®@s s haved,z_,2 andd,2 LaBaMrhOG below 150 K:“ Moreover, as the calculated en-
orbitals nearEg, whereas the octahedral Mn have only €rgy difference between the F and AF states of LaBgb§n
dy2_,2 in the vicinity of Ex . Therefore these orbitals localize 1S Very small, a little perturbation may flip the spin arrange-
ment either to F or AF. Hence the coexistence of F and AF
TABLE II. Calculated magnetic momerin ug per Mn atoy  States must be considered as a viable outcome. LaBajyin
for LaBaMn,Os. 5 in the AF ground state. Total refers to the total contains only one crystallographic type of Mn with an aver-

magnetic moment per formula unit. age valence state betweenr &nd 4+. The Mnd exchange
splitting is found to be around 3.3, 3.0, and 2.5 eV for
AF Experimental LaBaMn,Os, LaBaMn,Os 5, and LaBaMpOg, respectively.

The systematic decrease appears to reflect the increasing
Mn-d and Op hybridization interaction and the reduction in
LaBaMn,05 313 399 097 27 321 o070 Mmagnetic moment of Mn due to increase in its valence state,

Composition  Mifl) Mn(2) Total Mn(l) Mn(2) Total

LaBaMn,Oss 330 3.34 00 303 343 in the said sequence. _ o

LaBaMn,O, 298 00 350 As the oxygen vacancies are filled to the=1 limit, the
electron bands are broadened and more overlap between the

3 ow-temperature neutron-diffraction data, Ref. 3. Mn-d and Op bands is seen. Moreover, the small energy

b_ow-temperature neutron-diffraction data, Ref. 5. difference between the F and AF states implies that the DE
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to HMF [Fig. 2(d)]. In addition to exchange splitting, the JT
distortion as in LaMn@"® may play an important role for the
occurrence of the HMF in LaBaMQg.

In DE systems, insulator to metal transitions accompanied
by disappearance of CO and/or OO due to increaslethn
be achieved by application of external field or pressure.
Since the band characteristics t and W, as well as the valence
state of Mn change more drastically with the oxygen contents
than by A-site cation substitution i(RE,AE)MnO;, one
can tune an insulator-to-metal transition from the AF or
Ferri CO and/or OO state to a metallic F state by merely
varying the oxygen stoichiometripractice has shown that
such a conversion may be accompanied by resistivity
changes of several orders of magnituttee CMR effect.

. ) - In conclusion, variations in the spin, charge, and orbital
®) 'I:_féa?\)l (Cglor onling Orbital ordering in(a) LaBaMn,0s and orderings by changes in the oxygen content have been illus-

s trated with LaBaMnOs, 5 as an example. The changes in

interaction increasegcompared with thes=0 and 0.5 the oxygen stoichiometry controls the valence state of Mn
casey again a consequence of the increased hybridizatioﬁlnd the hybr_ldlzatlon mter.act.lon between Mn and O. Hef‘ce’
interaction. Hence the CO state disappears and metallicit§ "¢duction in oxygen stoichiometry narrows the bandwidth
appears in LaBaMyOj in accordance with the experimental nd consequently decreases the double-exchange interactions
findings® The metallic behavior of LaBaMiD, can be seen at the expense of the competing superexchange interactions.
from the small, but finite number of states in DOSEt Consequently the ferromagnetic state becomes destabilized
[Fig. 2()]. The ,similarly shaped-electron distributiongsee relative to the _antiferromagnetic state with localized spin,
Figs. 1) and f)] on the Mn ions also indicate that CO and charge, and orbital order as well as Jahn-Teller-type electron-
00 are absent in LaBaM® lattice coupling. Therefore by adjusting the oxygen stoichi-

All three compositions gxhibit half-metallicity in the F ometry in_manganites one can convert the insulating gntifer-
state (HMF), (with E, of 2.2, 1.92, and 1.45 eV in the romagnetic charge- and/or orbital-ordered state into a

1 g . y . y . . .

minority-spin channel for6=0, 0.5, and 1, respectively metallic ferromagnetic state.
The HMF state of LaBaMyOg gains more importance ow- The authors are grateful to the Research Council of Nor-
ing to the small energy difference between the F and AFway for financial support. Part of these calculations were
states, which may enable easier conversion from metallic Alearried out on the Norwegian supercomputer facilities.
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