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Ab initio study of the charge order and Zener polaron formation in half-doped manganites
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The character of the electronic ground state of 4Ga, sMnO5 has been addressed with quantum chemical
calculations on large embedded clusters. We find a charge ordered state for the crystal structure reported by
Radaelliet al. [Phys. Rev. B55, 3015(1997)] and Zener polaron formation in the crystal structure with
equivalent Mn sites proposed by Daoud-Aladateal. [Phys. Rev. Lett.89, 097205(2002)]. Important O to
Mn charge transfer effects are observed for the Zener polaron.
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[. INTRODUCTION solution found by these authors a zig-zag ordering appears of
Mn3*-O™-Mn3*-O-Mn3* trimers. These solutions with
A common classification of the manganites is based omequivalent Mn valencies are in contrast to what can be ex-
the bandwidth of the partially occupied band formed by thepected from the crystal structure as proposed by Radsalli,
Mn-3d orbitals ofey-like charactet: The small bandwidth  which Jahn-Teller distorted sites alternate with nondistorted
manganites such as P, CaMnO; show a charge ordered sites. In the model Hamiltonian study of Efremov, van den
(CO) phase at half doping, whereas this phase is absent in tHrink, and Khomskit* different phases are observed around
large bandwidth systemge.g., LgsSlhsMnQOg). In the  half doping. In addition to the Zener polaron phase and the
present study we will focus on the electronic ground state ofonventional CE state, a third state was found that can be
La;_,CaMnO; at half doping. This compound has been clas-described as a superposition of the previous two.
sified as an intermediate bandwidth manganitéh charac- The embedded cluster model approach offers an alterna-
teristics of both small bandwidth systeSO phasesand tive strategy to obtain information that complements periodic
large bandwidth system@ ferromagnetic metallic phase UHF calculations, which are strictly monoconfigurational
For a long time the electronic groundstate of @a, sMnO;  and do not include electron correlation effects, and model
has been considered as a CO phase of*'\md Mrf* ions,  Hamiltonian studies, for which the parameter choice can be
where the magnetic moments show CE-type ordetiig. delicate.Ab initio cluster model calculations have been ap-
The local valence electron configuration on a¥lion is  plied successfully over the last decade to derive electronic
3d*. In octahedral symmetry the weak-field ground state isstructure parameters in many oxidege Refs. 16-18, and
°E.. This state is orbitally degenerate and therefore unstableeferences therejnRecently, the methodology has been ap-
with respect to distortions: it is Jahn-Teller actf®On the plied to study the character of the ground state in
other hand, the threed®lectrons of a Mfi ion occupy three  a’-NaV,05.2°?1The main conclusion of these studies is that
degenerate orbitals ¢f; symmetry and this leads to éAzg the ground-state electron distribution ofVa O-V rung is
state, i.e., to a state that is orbitally nondegenerate. Such lzest described by a multiconfigurational wave function with
state is not Jahn-Teller unstable. a V-3d'-0-2p®-V-3d! leading configuration. Here, we con-
Recently, the CO interpretation has, however, been quesider different embedded cluster models to study the elec-
tioned by various authofs® Garcia and co-workers argue tronic ground state of LgCa gMnOs. The proposal of
that the MnK s-edge emission spectra of the half-doped manZheng and Patterson is tested with clusters with two or four
ganites cannot be resolved as a weighted average of the spédn ions, using the crystal structure of Radaellial. as in-
tra of the respective end-membges would be the case for put. Similar clusters are considered to test the Zener polaron
a CO phase with M# and Mrf*. The crystal structure de- hypothesis, although we apply the crystal structure of
termination of Daoud-Aladine and co-work&sfor the  Daoud-Aladineet al. in that case. Finally, the three center
closely related RrgCa, ,MnO; reveals that all Mn ions in polaron solution of Ferrari, Towler, and Littlewood is studied
this crystal are virtually identical. They propose an electronicwith a linear cluster that contains three Mn ions.
ground state of so-called Zener polarons in which ege
electron is shared by two Mn ions. Zheng and Patterson per-
formed periodic unrestricted Hartree-Fo¢kHF) calcula-
tions with the crystal structure proposed by Radastlal® All clusters are completed by adding the oxygens that
and find an electronic ground state formed by ferromagnetieoordinate the Mn ions, i.e., 11 for the two-center clusters,
cally coupled Mi*-O™-Mn3* units!? Similar periodic UHF 16 for the three-center clusters, and 21 for the L-shaped four-
calculations of Ferrari, Towler, and Littlewobdalso indi-  center clusters. The first embedding shell around the cluster
cate important charge transfe@€T) effects. However, in the contains total ion potential§TIP’s) for the Mn, La, and Ca

II. CLUSTER CALCULATIONS
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TABLE |. Formal charges used to generate the four different Madelung fields that embed the clusters.

Label Description Mn o La/Ca
1 lonic, CO 3+/4+ 2- 2.5+
2 lonic, no-CO 3.5+ 2- 2.5+
3 Complete CT 3+ 2-/1- 2.5+
4 Partial CT 3+/3.5+ 2-/1.5- 2.5+

cations coordinating the oxygens in the cluster. Around thighese spherical harmonics theg-like orbital can be of the
collection of all-electron centers and TIP’s, we place an array8r?—x? type or 32-y? type or have any other spatial orien-

of optimized point charges that accurately reproduce theation. In short, the computational scheme chosen ensures a
Madelung potential in the whole cluster region. The localbalanced treatment of CO configurations, ligand to metal CT
cluster symmetry is assumed to be i@ all cases, i.e.,, no effects, the delocalization of the, electron over two Mn
symmetry restrictions are imposed on the Hamiltonian. centers, and the different orbital orderings.

Our analysis of the electronic structure is based on the We analyze our wave functions by their spin densities.
complete active space self-consistent fie(@ASSCH  With the extended, mutually overlapping atomic basis sets
method as implemented in theloLcAss.4 code?? The  used in the present calculations, total charge analyses do not
CASSCEF approach is sufficient for an accurate description ofjive meaningful results. Completely different electronic con-
the electron distribution. In a recent review on molecularfigurations may lead to almost the same total charges. In
orbital theory, Roos and Ryde demonstrate that the CASSCeontrast, analysis of the spin densities gives information
natural orbitals are very close to Full Cl natural orbitals,about the distribution of the unpaired electrons, and there-
provided the active space has been properly chosen so thaith on the delocalization of the singly occupied Md-3
all important nondynamical orvalence electron correlation ise,-like orbitals.
accounted fof? This is in contrast with studies of accurate
relative energies, where the inclusion of dynamical electron
correlation effects is required. Since in the present study we lll. Ca/La STACKING
are concerned with determining electron distributions rather
than energy differences, a CASSCF approach is adequate. Two computational questions have to be addressed before

The occupied cluster orbitals are divided in inactive orbit-discussing the results. These concern the details of the crys-
als, which remain doubly occupied, and active orbitals, fortalline environment of the clusters. In the first place, a choice
which the occupation is optimized and can vary between Onust be made for the formal charges to generate a Madelung
and 2. The orbitals in the active space are chosen in suchpotential. In order to avoid a bias towards the CO state, we
way that none of the plausible electronic states is favoredpted to embed the clusters in four different Madelung po-
above the others. For this purpose, we consider as actiientials. Two of them correspond to fully ionic Madelung
orbitals all Mn-31 orbitals oft,s-like character, oneg-like fields and in the other two CT effects are incorporated as
orbital per Mn center, and one Q@2orbital per bridging suggested in Refs. 12 and 13. Details are given in Table I.
oxygen. No assumption is made about the spatial shape of The second question concerns the stacking of th& La
these orbitals but they are variationally optimized with re-and C&* ions in the crystal structure. In the cluster calcula-
spect to the cluster energy. In this way, the orbitals can reptions this arrangement must be made explicit to construct the
resent any type of symmetric or asymmetric orbital orderingfirst embedding shell. Since there is no direct experimental
Adding a second Mrey-like orbital to the active space does information about this stacking, we compare different
not change thé-electron wave function. This orbital has a choices. In the first place, a zig-zag stacking of the La and Ca
natural occupation number very close to zero and would onlyons along the interatomic Mn-Mn axis is considered. We
slow down the convergence of the SCF procedure due tassign either an average charge of 2(ption A) or formal
redundant orbital rotations between this secegdike or-  ionic charges of 3+ and 2foption B). Secondly, L&" ions
bital and the nonoccupied orbitals in the virtual space. Thare placed on one side of the cluster and'Qan the other
number of active electrons is 9, 14, and 20 for the two-(option C). For the three-center cluster, this option corre-
center, three-center, and four-center clusters, respectivelgponds to putting La ions on the extremes of the cluster and
The spin multiplicity of the ground state wave function in Ca ions around the central Mn. The same embedding, but
these clusters is 8, 11, and 15. A full configuration interactiomow with average charges is labeled with opt@nFinally,
is performed within this active space. the cluster is embedded with €dons above the cluster and

All cluster orbitals, i.e., the inactive doubly occupied or- La** ions below it(option E). A detailed analysis of the fine
bitals plus the active orbitals, are linear combination of astructure of the x-ray absorption spectra in L&rMnOs,
large number of basis functions centered on the differenshowed that there exist a certain tendency towards Sr clus-
cluster atoms. For example teg-like active orbital is linear tering at lowx.2* This effect seems, however, to disappear
combination with main contribution from theddype spheri-  whenx approaches 0.5. In that case, a random distribution of
cal harmonic basis functions centered on the Mn sites. Deka and Sr seems more adequate, which makes optitire
pending on the relative size of the optimized coefficients ofmost realistic one.
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FIG. 1. Spin density maps for the two-center cluster in the
Radaelli structure. The numbers give the total spin populations on

the atomic centers. FIG. 2. Spin density maps for the two-center cluster with the

structure of Daoud-Aladinet al. The numbers give the total spin
IV. RESULTS populations on the atomic centers.

A. Two-center clusters

Having settled the computational strategies, we now dis- The Mn sites in the two-center cluster with the structure
cuss the outcomes of the CASSCF calculations. The two2f Daoud-Aladineet al. have an almost equivalent local ge-

center cluster based on the Radaelli structure has one JaHetry: The Zener polaron formation would correspond to an
Teller distorted Mn site, while the other is quasioctahedral€/€Ctronic ground state characterized by a MF<3-0-
Hence, the electronic cluster wave function would reflect a2P°—Mn-3d>® distribution of the electrons. In most cases,
Mn-3d3—0-2p6—Mn-3d* situation if the conventional CO the CASSCF wave functions indeed reflect two Mn ions with
state were the most stable one. On the other hand, a waw equivalent number af electrons, but we also find a rather
function characterized by a Mnd3-0-2p°~Mn-3d* con-  strong contribution from CT configurations which was not
figuration would confirm the ferromagnetic polaron hypoth-foreseen in the original proposal of the electronic structure of
esis of Zhang and Patterson. the polaront! The comparison of the spin density in Figs. 1
In all embeddings that can be obtained by combining theand 2 clearly illustrates the different nature of the cluster
options mentioned previously, the leading configuration ofwave function in both cases. The spin density obtained with
the cluster wave function is best described as a CO stat¢he structure of Daoud-Aladinet al. (Fig. 2) is delocalized
Small CT effects are observed from the bridging oxygen toover the whole cluster and equivalent Mn sites emerge.
the quasioctahedral Mn site. Figure 1 shows the spin densityhe Mn eg-like orbitals are symmetrically ordered and of
map due to the O{2and Mn-3i(e,) electrons obtained with 3x?—r2? character, withx being the interatomic Mn-Mn axis.
embedding A. This solution corresponds to the situation Furthermore, we observe a significant spin density on the
with the largest contribution of CT configurations. The bridging oxygen originated from the large CT contributions
Mn-3d(t,y) spin density is highly localized on Mn and al- to the wave function. These results are almost independent of
most identical for both Mn ions, and is omitted for clarity. the embedding scheme. Only with the ionic CO Madelung
The remaining spin density illustrates the CO character opotential(option 1 in Table ), we obtain a CO state. How-
the cluster wave function. It is largely concentrated on theever, the delocalized state with equivalent Mn sites obtained
Jahn-Teller distorted Mn site and directed along the londrom a high spin coupling of the active electrons is signifi-
Mn-O bonds. The total spin populations shown in the figurecantly closer in energy in the present césel.3 eV) than in
are only weakly dependent on the details of the embeddinghe previous discussed two-center cluster based on the
except for optionC (see below. The variation on the Jahn- Radaelli structur¢1.8 eV).
Teller distorted site is less than 0.85, on the bridging oxy-
gen it ranges between —-0.14 and —-0.33 and for the second
Mn ion between 3.08 and 3.34. The first electronic state with B. Three-center cluster
a complete CT from the bridging O to the Ksite lies
1.8 eV higher in energy than the CO state. This CT state is The central Mn ion in the cluster that we use to test the
obtained by imposing a high-spin coupling of all active ebc-thrge—qenter polaron solution has a Jahn-Teller distorted co-
trons. Some uncertainty is contained in this relative energyprdination, whereas the two Mn ions on the edge have an
because high spin coupling is assumed between the Mn arfimost octahedral coordination. Hence, with a similar rea-
O spins. Nevertheless, the Mn-O spin coupling is only asoning as for the two-center polaron hypothesis, the elec-
fraction of the energy difference between the CO and citronic wave function of the three-center clusters can reflect a
states. CO type of state(Mn-3d®-0-2p6—Mn-3d*~0-2p°—Mn-
The results obtained with optio@ are of a complete dif- 3d%), or a three-center polaron as proposed by Ferrari,
ferent nature. Spin density appears on a nonbridging oxygehowler, and Littlewood (Mn-3d*-0-2p°~Mn-3d*-O-
on the C&* edge of the cluster. Apparently, the arrangemen®p°~Mn-3d*). For most of the embeddings, the character of
of 3+ charges on one edge of the cluster and 2+ charges dhe cluster wave function indicates a conventional CO state.
the other induces an unrealistic Coulomb potential in thdmportant CT effects are only found for optior©12C and
cluster. The results for this stacking in the two-center clusterdC and lead to an electronic charge distribution in agreement
are not further discussed. with the findings of Ferrari, Towler, and Littlewood.
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FIG. 4. Total spin density maps for tHeshaped four-center

FIG. 3. Spin density maps for the three-center cluster with em<cluster with the Daoud-Aladine structure.
bedding A (upper partand IC (lower parj. The numbers give the
total spin populations on the atomic centers. clusters. The wave function can reflect a CO state, the Zener

polaron solution(two separated polaroper alternatively the

These findings are illustrated in Fig. 3, which comparesty €lectrons can be delocalized over all four Mn sites. The
the Spin densities obtained with OptionA and 1C. For op- results are in full agreement with those obtained in the two-
tion 1A, we observe that the spin density due to the &jn- center clusters. For the Radaelli structure, we obtain a CO
and O-2 electrons is almost completely concentrated on thestate with small CT effects. Applying the Daoud-Aladine
central Mn, revealing the ionic CO character of the clustesstructure, our CASSCF calculations show two identical po-
wave function. The total spin populations also reflect the cdarons(see Fig. 4 separated by an oxygen with no spin den-
character for this option with only minor CT effects. This Sity. The active space does include CT configurations from
picture changes dramatically for optiof€1We now see a the oxygen that bridges the two polarons but their contribu-
more delocalized spin density with almost equal contribution to the N-electron wave function is found to be negli-
tions from the three Mn ions and a significant spin density orgible. This means that the Mgy electrons are localized
the bridging oxygens. The ordering of the Mu8,) orbitals within the two-center polaron and that CT effects only take
is identical to that found by Ferrari, Towler, and Littlewood. Place within each polaron.
The negative spin populations on the bridging oxygens of
-0.5 indicate important CT effects with a low-spin coupling V. CONCLUSIONS
between the O{2 electron and the Mn-8electrons. How-

ever, this particular stacking of Eaand C&" cannot be structure proposed by Radaedt al. with Jahn-Teller and

realized '8 zglpenlodlc st_ructure. Hepceﬁ wehconclude th"’lu th uasioctahedral sites leads to a CO state. The Jahn-Teller site
most probable electronic structure in the three-center clustefi o o \3+ ion, leaving a MA* on the nondistorted site.

corresponds to a conventional CO type state with rathel s findings are in agreement with the results of the peri-

small CT effects. The energy of the state with bridging O - densit : ;

. T . y functional theory calculations reported by Pop-
lons apd MA* is .~3'8 ev aboye Fhe co state in the more ovi¢ and Satpath$? who also argue that the Jahn-Teller dis-
realistic embeddings. These findings also indicates that thf%)rtion is the leading mechanism for CO. We find a small but

three-center polaron solution is highly improbable. significant CT from & to the Mrf* site. The nondistorted
The Madelung potential obtained by assuming a completg;, ,ordination in the Daoud-Aladine structure leads to a

CT between O and Muoptions 3A-E) leads to the appear- qq\ocajization of thee, electron over the two Mn sites, i.e.,
ance of spin density on nonbridging oxygens. This effect ig, 7ener polaron formation. We modify the original idea by
due to thg ordering of the Qstrlpes in the cryst_al proposed proposing an important CT effect from O to both Mn sites.
by Ferarri, Towler, and Littlewood. Perpendicular to theThe four-center clusters confirm these results. We recognize

stripe direction, each row of O ions sees andlripe on One 4 separate polarons for the Daoud-Aladine structure.
side and a normal array of?0charges on the other. When

this is reflected in the Madelung field that embeds the cluster, ACKNOWLEDGMENTS
the hole localizes in the neighborhood of the -2 charges.
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