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In order to examine covalence and polaron effects in the bilayer manganitg $m.,Mn,0;, we have
performed molecular orbital cluster calculations. Two type$\dfi,O,,)1°" clusters, one with the manganese
aligned in thea direction and the other in the direction, were embedded in a point charge environment that
mimicked the crystal environment of the bilayer manganitg=a0.40, and their electronic states were calcu-
lated by the unrestricted Hartree-Fo@¥HF) and the complete active-space self-consistent iIEWSSCH
methods. The CASSCF result for the cluster along ahdirection exhibits double-well potential energy
surfaces for symmetry-breaking deformations. This indicates small polaron formation in this system. On the
other hand, the UHF calculation did not give double-well potential surfaces, showing the importance of the
electron correlation for the polaron formation. Significantly large wells are obtained for the in-plane antiphase
breathing and in-plane antiphase-@Vin—O stretching deformations. The double-well barrier for the former
is 68 meV and that for the latter is 92 meV, where the former is close to the experimentally obtained polaron
hopping activation energy abovE.. A similar calculation for the cluster along thedirection exhibits a
negligibly small double well, indicating that the polaron effect is very small in the carrier hopping ia the
direction within a bilayer. Electronic structures have been investigated using natural orbitals. At a double-well
minimum, a localized polaron orbital is seen. In the ground state, a small but significant hole population is
found inp orbitals of the bridging oxygen, and a slight electron population is found ieglegbital above the
localized polaron orbital. For the cluster along théirection and without deformation, the first excited state
is an electron-transfer state where an electron is moved from the bridging opytea manganesg, orbital.

This excited state couples with the ground state by the pseudo-Jahn-Teller effect, thus, the polaron is the
“pseudo-Jahn-Teller polaron.” Using the natural orbitals, we have calculated magnetic Compton profiles and
compared with experiment. Comparison between the experimental and theoretical results suggests the presence
of polarons belowT.. We briefly discuss the implication of this result in relation to the colossal magnetore-
sistance effect.
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[. INTRODUCTION ligand interactiorf. An accurate description of the covalency
often requires more than one electronic configurafidimis

Anomalous electric conductivity in various transition occasionally leads to the appearance of several energy
metal oxides is currently drawing considerable attention. minima at different atomic configuratiofighus, local lattice
Strong electron correlation caused by large Coulomb repulinstability is a common phenomenon in metal-ligand sys-
sion at transition metal sites is believed to be crucial fortems. To some extent, a transition metal oxide crystal can be
observed anomalous conductivity, magnetism, and superconiewed as a periodic array of metal-ligand complexes; there-
ductivity. The covalence effect within each metal-oxygenfore, the covalence effect is expected to play a role. Indeed,
complex is also certainly important. Its importance is mani-polaron formation associated with local lattice instability has
fested in experimental observations in cuprateend been indicated in LaxSr ,,Mn,0,,°and it is thought to
manganites,where a significant amount of doped holes arebe relevant to short-range charge ordefifiggseudogap
found in oxygen orbitals, and band gaps for those materialphenomena®'°and the colossal magnetoresistatiGd/R)
without doping are due to the charge transfer within theeffect.
metal-oxygen clusterTheoretical investigations are usually  In order to examine lattice instability and polaron forma-
performed on models that do not explicitly include oxygention in the manganese oxide, we have performed molecular
orbitals® but the validity of such a treatment has not beenorbital cluster calculations. This method should be consid-
sufficiently investigated. In the present work, we will fill this ered as a complementary method to the band calculation
gap by examining the importance of those usually neglectebased on the density functional thedBFT). Although band
orbitals in the colossal magnetoresistive manganitealculations give useful information about the electronic
Lay_5Sf+xMn,0;. state of La_,Sr,,Mn,0,,'31617they cannot explain some

Historically, the covalence effect was introduced as a corimportant experimental findings such as the pseudogap
rection from the metal-ligand bonding effect on ionic metal-phenomenod®-1® This may be related to the fact that the
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present DFT methodology is still not capable of sufficiently
taking into account electron correlation effects. In this re-
spect the molecular orbital method has an advantage; it can
systematically include electron correlations. Thus, if suffi-
ciently elaborated calculations are performed, accurate re-
sults will be obtained. However, such calculations for bulk
systems are still not feasible; instead, cluster calculations are
usually performed. The cluster calculations have been suc-
cessfully utilized in many situations: molecular orbitals ob-
tained by theab initio cluster calculation are used in inter-
preting magnetic Compton profile measureméts;
semiempirical cluster calculations have been used to repro-
duce observed experimental speétra®Therefore, it is ex- FIG. 1. The crystal structure of basSt.,Mn,O,. The space
pected that the molecular orbital cluster calculation on they.yp isi4/mmm Structure parameters used are3.8645 A: ¢
bilayer manganite LaxSr.»Mn,0; will give useful infor- =20 065 A: Mn (0,0,0.096; La, S(1) (0,0,0.5; La, SK2)
mation about anomalous conductivity phenomena. (0,0,0.317; O(1) (0,0,0; O(2) (0,0,0.19668 O(3) (0.5,0,0.096
In the study of the CMR effect, the bilayer manganite (ref. 23.

Lay,_»Sh.xMn,0; occupies a special plate because it
cleaves very well at the rocksalt layer between Mrifdlay-  ronment. We have previously reported results for the same
ers. Thus, it is suitable for angle-resolved photoemissiortlusters in a different environment where each surrounding
spectroscopyARPES measurements. The electronic stateoxygen next to the cluster was replaced by a sum of a point
revealed by ARPES experiments is remarkable, showing aharge(for the manganese nuclguend a charge distribution
pseudogap and a ghost Fermi surfé€g).'>-*°A pseudogap (for electrons for Mi® ion).?? In the following sections,
is also observed in the highs: cuprate, but unlike the cuprate point charges +3 will be used for manganese adjacent to the
case, this pseudogap extends over the entire FS and existluster, therefore, we report the single manganese results in
both above and beloW,.2* The ghost FS is another mystery. the same environment here for the comparison sake.
It seems like a prototypical metallic FS characterized by the In the following the crystal structure for=0.4 at 10 K
usual transport parametéfsHowever, its spectral weight is was employe#f with neglect of slight buckling of oxygens
unusually low, and the resistivity calculated with experimen-out of thea-b plane(Fig. 1). The details of the calculations
tally estimated transport parameters is one order of magniwere similar to our previous work:?* the crystal environ-
tude smaller than the experimental value. It also exhibitsnent was mimicked by point charges placed at atomic posi-
portions parallel to thea or b axis, that remind us of the tions in the 3x 3 3 units of thea-(b X c) rectangular par-
stripelike charge order observed in the cupfat€he origin  allelepiped surrounding the MnOcluster with Mr(a)
of the pseudogap was argued to be charge density wawepicted in Fig. 1. The stoichiometric charges for O, Sr, and
(CDW) state formatiort® however, this interpretation is in- La are -2, +2, and +3, respectively, but we placed +2.4
compatible with the observation that the current abdyés  charges for both Sr and La positions assuming a random
due to polaron&!! As will be seen later, the present work distribution of them. We also placed +3.4 for Mn positions
suggests the presence of polarons even bélgwand this  for the similar reason. The Evjen method was employed for
may be the key to understanding the anomalous ARPES reharges on the faces, edges, and vertices of the outermost
sult. cell. Starting orbitals for complete active-space self-

In the following, we first present results for single man- consistent field CASSCH calculations were obtained by re-
ganese clustef®nOg)®~ and(MnOg)°~ embedded in a point  stricted Hartree-Fock calculations. The active space of the
charge distribution that mimics the crystal environment.CASSCF calculation was composed of nine highest-energy
Then, the result for two types @¢Mn,0,,)'°" clusters, one oxygen 2 orbitals and five manganesed 3orbitals.
with the manganese aligned in thedirection and the other In  order to obtain wave functions and total
in the ¢ direction, are examined. In order to investigate localenergies, the GAMESS program packagé was used.
lattice instability, the total energies have been calculated witfThe basis by Schafest al. (Mn (14s,9p,5d)/[8s,5p, 3d],
changing atomic positions. The electronic states are exan® (10s,6p)/[6s,3p]) was employed® but we omitted the
ined with natural orbitals. Then, the magnetic Compton pro-most diffuse Mns basis function since it extends too much
file (MCP) is calculated and compared with the experimentalover the nearby oxygens.
one. The excellent agreement between theory and experiment First, we examine théMnQOg)°~ cluster. In Table | charge
suggests the presence of polarons belowFinally, we dis-  and spin densities obtained by CASSCF and unrestricted
cuss the implication of the present results with respect to thejartree-Fock(UHF) calculations for the(MnQOg)°~ cluster
electric conduction, pseudogap, and CMR effect in the man¢the nominal charge of the manganese i3 af listed. The
ganite. densities at atomic sites are Mulliken populations. The

Il MnO 5 CLUSTER CASSCF and UHF results are almost the same.
In order to take a close look at the electronic structure, we

In this section, we consider single manganese clustergalculated the natural orbital bagjg,,} that diagonalizes the

(MnOg)®~ and (MnOg)°", embedded in a point charge envi- spin-specified first-order reduced density majrixx,x’):2’
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TABLE I. Charge and spin densities f@nOg)°~ and (MnOg)®". The labels for atoms are given in Fig. 1.

Charge(Spin (MnOg)°~ Charge(Spin (MnOg)8"

Atom CASSCF UHF CASSCF UHF

Mn(a) 2.631(3.857 2.611(3.889 2.505(3.308 2.100(4.869
O(1a), O(2a -1.937(0.017 -1.925(0.009 —-1.775(-0.047 -1.984(0.008
O(3a), O(4a) -1.937(0.017 -1.925(0.009 -1.870(0.030 -1.995(0.025

0O(53) -1.933(0.046 -1.950(0.0469 -1.321(-0.292 -1.059(-0.96%

0O(6a) -1.949(0.030 -1.962(0.028 -1.892(0.017 -1.086(-0.969

%X =S v () xia(X), 1 in the 39th @5a) p, orbital. Actually, the ground state of the
PolXX) % 10Xio(X)XioX') @ (MnOg)®~ cluster is doubly degenerate due to two possibili-

ties in the doped hole position, one in th€5@ p, orbital
i ital 24 8-
wheren,, is the occupation number for the natural orbital @1d the other in the Ba) p, orbital.™ Overall, the(MnOg)
Y. The natural orbitals and their occupation numbers ar&luster (corresponding to M in the usual modé) cannot
tabulated in Table II. All the occupation numbers are essenP€ described by a single configuration. Configurations with
tially integral, showing the smallness of the electron correlaholes in oxygen orbitals are also important. This contradicts

tion. The highest occupied orbital is tlig,z_> orbital, i.e., the cgrr_ently prevailing m(_)del but is consistent with the pho-
the 22-r2 type E, orbital. toemission spectroscopy interpretation.

The first excited state was also calculated although the
result is not tabulated. It also indicates the smallness of the
correlation effect. Its electronic configuration is very simple.
It is basically obtained from that of the ground state by pro- In this section we will consider théMn,0,,)*> cluster
moting an electron from thes. 2 orbital tod,>_2. The lat-  with two manganese aton$in(a) and Mn(b) in Fig. 1]
tice instability study indicates that this is a typicEl®e  along thea direction. This cluster may be viewed as a
Jahn-Teller syster#f Overall, the(MnOg)°~ cluster (corre-  mixed-valence cluster with one Mhand one MA*, or as a
sponds to MA* in the usual modé) is accurately described hole-doped one in theVin,0,,)*®~ cluster. The crystal envi-
with a single configuration. This result is consistent with theronment was taken into account by placing point charges in
usual model treatment for Mh the 4x 3% 3 units of thea-(b < c) cell depicted in Fig. 1.

Now, we consider théMnOg)®~ cluster. By introducing a  Starting orbitals for CASSCF calculations were obtained by
hole in the (MnOg)® cluster, the(MnOg)®~ cluster (the  restricted Hartree-Fock calculations wify=7/2; theactive
nominal charge on the manganese i$ isdobtained. In con-  orbitals were ten & orbitals for the two manganese atoms,
trast to the(MnOg)°~ cluster, it exhibits significant electron and three p orbitals for the bridging QLa) oxygen. We only
correlation effects. We first note that the spin contaminatiorincluded the three oxygenp3orbitals in the active space
is quite large in the UHF result; the calculated total spin isbecause of practical computational limitations.

S=1.946, although it should b®=1.5. The charge and spin In order to investigate local lattice instability, we have
densities calculated by the CASSCF and UHF methods arealculated the total energy as a function of various deforma-
significantly different as seen in Table |. The doped hole istions. We choose those deformations that are combinations of
mainly in O(5a) in the CASSCF calculation, but in(@g) and  Egtype Jahn-Teller and breathing deformations. We also
0O(63) in the UHF calculation. Many occupation numbers for considered the simple bridging oxygen shift along dhexis.

the natural orbitals tabulated in Table Il are fractional, indi-Six deformations considered in this study are depicted in Fig.
cating the strong correlation effect. The doped hole is mainh2, together with potential energies for corresponding defor-

lll. Mn ,0,; CLUSTER ALONG THE a DIRECTION

TABLE Il. Occupation numbers and main characteristics of natural orbitaléMaOg)°~ and (MnOg)®~.

Miai Occupation numbefMnQOg)°~ Occupation numbefMnQOg)8~

ain

Orbital number characteristic T l T l
39 Q53 py 1.00 1.00 0.23 0.80
40 Mn(a) dxy 1.00 0.00 1.00 0.05
41 Mn(a) dyZ 1.00 0.00 1.00 0.05
42 Mn(a) dy, 1.00 0.00 0.77 0.06
43 Mn(@) dajz_,2 1.00 0.00 0.99 0.04
44 Mn(a) dxz_yz 0.00 0.00 0.01 0.00
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FIG. 2. Potential energies for local lattice de-
formations for the(Mn,0;,)*°" cluster along the
a direction. Three lines in each figure describe
potential surfaces for the first excited state by the
- . CASSCEF calculatior(top), for the ground state
by the UHF calculation(middle), and for the
ground state by the CASSCF calculatidbot-
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mations: R1 is the antiphase combination of e y*-type In Table IIl, charge and spin densities are tabulated. They

Jahn-Teller deformation; R2 is the antiphase in-plane breathwere calculated from the UHF and CASSCF results using the
ing mode; R3 is the (a shift along thea axis; R4 is the  standard Mulliken population partitioning. The spin density
antiphase combination of thez®3-r2-type Jahn-Teller defor- s concentrated on the two manganese atoms, and the doped
mation; R5 is the antiphase in-plane breathing mode; R6 ifole is mainly in the bridging oxygen. In order to examine
the antiphase in-plane-©-Mn—O stretching in the direc-  the electronic state variation associated with polaron forma-

tion. Although the Mn@ complexes are slightly distorted {jon the results for R2- and R6-deformed clusters are also
from the regular octahedron, we take atomic movements fOfisted. In those deformations the potential minima are at

regular octahedron. For the unit deformation for eadh R po- 4017 a.u. and R6=+0.22 a.u
atoms move 1 a.u. in the directions indicated by arrows. Bucs L o ~e .

for the R4 deformation, long and short arrows indicate 2 an hough the charge on manganese is smaller and the hole

1 a.u. moves per unit deformation, respectively. population in the bridging oxygen (@a) is larger for the

Double-well potential surfaces were obtained in thef rmer. When the cluster is deformed charges and spin den-
CASSCF results for all the deformations considered as se€eff ) 9 P

in Fig. 2. Contrary to the CASSCF results, the UHF resyltsSities at two manganese sites become different. Actually, in
did not show double wells. This indicates that the electrorin® R6=0.22 result, the charges on the two manganese atoms
correlation is crucial for double-well formation. The double &€ almost equal, although the spin density indicates that
well means local lattice instability and small polaron forma-Mn(@) is in the S,=2 state and Mfb) is in the S,=3/2 state.

tion. Significantly deep wells are seen in the R2 and R6 In order to take a close look at the electronic state, natural
deformations. The well is deepest for the R6 deformatiorPrbitals and their occupation numbers were calculated. They
with a barrier height of 92 meV. The barrier for the R2 de-are tabulated in Table 1V. In general a natural orbital is a
formation is 68 meV, which is very close to the experimen-linear combination of many atomic orbitals and its character-
tally obtained activation energy 65 meV for carrier hoppingization is not so simple; nevertheless, we attribute a main
aboveT..? characteristic to each orbital. The orbital numbers from 1

respectively. The results
or the UHF and CASSCF at R2=R6=0 are similar, al-
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TABLE IlIl. The ground state charge and spin densities for(fl@,0;,)*°" cluster along the direction.

R2=R6=0(UHF)

R2=R6=0(CASSCH

R2=0.17(CASSCH

R6=0.22(CASSCH

Atom Charge(Spin) Charge(Spin) Charge(Spin) Charge(Spin)
Mn(a) 2.400(3.896 2.508(3.387 2.573(3.408 2.426(3.747
Mn(b) 2.400(3.896 2.508(3.387 2.338(3.296 2.419(2.879
O(1a) -1.081(-0.733 -1.283(0.029 -1.363(0.100 -1.184(0.183
0O(23) -1.945(0.047 -1.939(0.030 -1.977(0.018 -1.997(0.020
O(2b) -1.945(0.047 -1.939(0.030 -1.870(0.040 -1.833(0.038
0O(33 -1.863(-0.015 -1.866(0.017 -1.934(0.015 -1.876(0.020
O(3b) -1.863(-0.015 -1.866(0.017 -1.790(0.029 -1.850(0.019
O(4a) -1.863(-0.015 -1.866(0.017 -1.934(0.0159 -1.876(0.020
O(4b) -1.863(-0.0159 -1.866(0.017 —-1.790(0.029 -1.850(0.015
O(53) -1.819(-0.023 -1.825(0.022 -1.816(0.02) -1.837(0.025
O(5b) -1.819(-0.023 -1.825(0.022 -1.810(0.02) -1.805(0.018
0(63a) -1.868(-0.029 -1.870(0.01) -1.865(0.010 -1.880(0.013
O(6b) -1.868(-0.029 -1.870(0.012) -1.859(0.010 -1.856(0.008

through 70 are core orbitals for CASSCF calculations andrbitals are clearly seen. In the 80th orbital, the symmetric
they are doubly occupied. The orbital numbers from 74Mn ds,2_,2 orbital at R2=R6=0 becomes the localized (&)n
through 79 are sixt,y orbitals and occupied by the majority e, orbital at R2=0.17 or R6=0.22. This, together with the
spins. Because the hybridization between tH@aDp, and  occupation numbers in Table 1V, indicates that the 80th or-
Mn ds2_2 orbitals is significant and lowers the orbital en- bital is the polaron orbital and Ma) corresponds to M,
ergy, theds,. 2 orbital is the lowest and most populateg  although the charge at Ma is slightly larger than that at
orbital. It is also noted that a slight electron population is inMn(b). Actually, this trend is also seen in the single manga-
the 81st orbital. The most significant difference betweemese calculation§Table ). Note that spin densities also in-
R2=0.17 and R6=0.22 results is that the significant hole islicate that Mia) and Mn(b) correspond to M# and Mrf*,
in the 72nd @14a) p, for the former but in the 73rd Qa) p,  respectively. The 72nd and 81st orbitals may be viewed as
in the latter. the symmetric and antisymmetric combinations of the bridg-
In Fig. 3, contour plots of the 72nd up-spin, 73rd up-spin,ing oxygenp, orbital and the manganesg orbitals, respec-
80th up-spin, and 81st up-spin orbitals are displayed. Théively. The 73rd orbital at R6=0.22 shows a marked differ-
mixings of the bridging oxygep orbitals and manganesg  ence in thep, orbital compared with that at R2=0.17. It is

TABLE IV. Main characteristics and occupation numbers of natural orbitals fo(Mm0,,)1°" cluster along thea direction in the
ground state. s and a in the main characteristics denote symmetric and antisymmetric combinations of two orbitals at different manganese
sites, respectively.

R2=R6=0 R2=0.17 R6=0.22
Main Occupation Main Occupation Main Occupation
Orbital characteristics T() characteristics T() characteristics 1)
71 Qq1a Py 1.00(0.98 O(1a Py 1.00(0.99 O(1a Py 1.00(0.98
72 Q(1a) py 0.90(0.92) O(1a) py 0.88(0.89 O(1a) py 0.99(0.97)
73 Q1a p, 0.99(0.99 o(1a p, 0.99(0.98 o(1a p, 0.93(0.99
74 Mndy,s 1.00(0.00 Mn(a) d,, 1.00(0.00 Mn(a) dy, 1.00(0.00
75 Mnd,, a 1.00(0.00 Mn(b) dy, 1.00(0.01) Mn(b) dy, 0.99(0.0)
76 Mn dy, s 1.00(0.01 Mn(a) dyy, 1.00(0.00 Mn(a) dyy, 1.00(0.00
77 Mnd,, s 1.00(0.01 Mn(a) d,, 1.00(0.00 Mn(a) dy, 1.00(0.00
78 Mnd,, a 1.00(0.01 Mn(b) d,y 1.00(0.01) Mn(b) d,y 1.00(0.02
79 Mnd,, a 1.00(0.01 Mn(b) d,, 1.00(0.01) Mn(b) d,, 1.00(0.02
80 Mn dze_2 S 0.94(0.09 Mn(a) dyz_y2 1.00(0.10 Mn(a) dse_,2 1.00(0.00
81 Mn day2_2 & 0.17(0.09 Mn(b) dzy2_2 0.12(0.01) Mn(b) dgy2_2 0.08(0.05
82 Q19 p, 0.00(0.01 O(19) p, 0.01(0.00 O(1a) p, 0.01(0.00
83 Q(1a) py 0.00(0.00 O(1a) py 0.00(0.00 O(1a) py 0.00(0.00
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FIG. 3. Contour plots of natu-
ral orbitals for the ground state of
the cluster along the direction.
The 72nd up-spin orbital in the
a-b plane, 73rd up-spin orbital in
the a-c plane, 80th up-spin orbital
in the a-b plane, and 81st up-spin
orbital in the a-b plane are de-
1 picted for R2=R6=0, R2=0.17,
and R6=0.22.
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somewhat leaning and the overlap betweenghand man- mations. This coupling is strong enough to cause lattice in-
ganese orbitals is increased. stability to form the polaron in this system.

In contrast to the ground state, the first excited state does
ﬂO.t show any lattice |ns§ab|I|ty a; seen in Fig. 2. Charge and v mn ,01; CLUSTER ALONG THE ¢ DIRECTION
spin densities for the first excited state at R2=R6=0 are
listed in Table V. A large hole population, more than one, is  The lattice instability was also investigated for the cluster
found at G1a), and charges at manganese are significantl@long thec direction. The crystal environment was mimicked
reduced. The occupation numbers and main characteristics 8§ placing point charges in the>X33x 3 units of thea-(b
the natural orbitals are tabulated in Table VI. Almost oneX¢c) cell depicted in Fig. 1. Starting orbitals for CASSCF
hole is in the @1a) p,. Two g, orbitals at Mrfa) and Mr(b) calculations were obtained by restricted Hartree-Fock calcu-
are now both occupied. Actually, the ground state at RJations withS,=7/2; and theactive orbitals were tendor-
=R6=0 is symmetric with respect to the reflection throughbitals for the two manganese, and thrge d@bitals for the
the mirror plane located at the bridging oxygen with its nor-bridging Q’5a) oxygen. The result is depicted in Fig.(dee
mal in thea direction. On the other hand, the first excited
state at R2=R6=0 is basically an electron-transfer state in TABLE VI. Occupation numbers of natural orbitals for the first
which an electron in the bridging oxyggm orbital is moved  excited state ofMn,0,,)**" along thea direction at R2=R6=0.
to a manganeseg, orbital. Therefore the first excited state at

R2=R6=0 is an antisymmetric state with respect to the same Main Occupation
mirror reflection. This means that the double well in the Orbital characteristics 1)
ground state is actually due to the pseudo-Jahn-Teller éffect;
where the symmetric ground state couples with the antisym- 71 Q18 py 1.00(1.00
metric first excited state by antisymmetric local lattice defor- 72 (18 py 0.99(0.99
73 Q1a) p, 0.11(0.89
TABLE V. Charge and spin densities for the first excited state of 74 Mndy, s 0.99(0.01)
(Mn,04,)" along thea direction at R2=R6=0. 75 Mnd,, a 0.99(0.01)
) 76 Mnd,, s 0.99(0.01)
Atom Charge(Spin 77 Mnd,, s 0.97(0.02
Mn(a), Mn(b) 2.264(3.590 78 Mnd,, a 0.99(0.00)
O(1a -0.748(-0.419 79 Mnd,, a 0.97(0.02
0(2a), O(2b) -1.947(0.038 80 Mn dge2_r2 S 0.99(0.01)
0(3a), O(3h), O(4a), O(4b) -1.870(0.020 81 Mn dge2_2 @ 0.99(0.01)
O(5a), O(5b) -1.830(0.027 82 q1a p, 0.00(0.00
O(6a), O(6b) -1.873(0.019 83 Q18 py 0.01(0.00
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TABLE VII. The ground state charge and spin densities for the o
(Mn,0;7)%5" cluster along the direction. Py J dpxdm; Nl X P =N [ )P, (2)
Atom Charge(Spin) where ;,(p) is the Fourier transform of the natural orbital
Mn(a), Mn(c) 2.546(3.372 Xio¥):28 .
0(1a), O(10) ~1.880(0.01% The experimental rgsult' for_the'system(s'ﬁo.4_2 with the
0(2a), 0(20) ~1.880(0.017 z axis along thd001] direction is displayed in Fig. 5. It was

taken at 10 K in a 2.5 T magnetic field. This MCP was al-

0O(3a), O(30) ~1.880(0.017 ready examined using Hartree-Fock orbitals bet8teyt we

O(4a), O(4c) -1.880(0.017 reexamine it here in order to access the importance of elec-
O(5a -1.184(0.079 tron correlations and polaron formation. The theoretical

0O(6a), O(60) -1.934(0.02) MCP’s were obtained using the natural orbitals from the cal-

culations for(Mn,0,)*°" cluster in thea direction.

The difference between theory and experiment is largest
Table VIl for charge and spin densities, and Table VIII for aroundp,=0. This is partly due to the difference in the hole
main characteristics and occupation numbers of natural oeoncentration for the theory(x=0.5 and experiment
bitals). The following deformations were considered: S1 iS(x:O_42, and the neglect of the band effect. The correlation
the 059 shift along thec axis; S2 is the antiphase combi- effect is noticeable by comparing the CASSCF result at
nation of the 3°-r?-type Jahn-Teller deformation; S3 is the R2=R6=0 and UHF result at R2=R6=0, where the
antiphase breathing mode; S4 is the antiphase breathinDASSCF result has more intensity aroumg:0, and agrees
mode in theb-c plane; S5 is the antiphase stretching modepetter with experiment. The comparison of the CASSCF re-
along thec axis. Although the S5 deformation shows a syt at R2=R6=0 and that at R2=0.17 or R6=0.22 shows
double-well structure, the well is negligibly shallow. In the that the p0|aron effect increases the intensity arop{;d)’
experiment, it has been observed that the activation enercgiynd improves the agreement between theory and experiment_

for the polaron hopping is larger in tieedirection than that  The agreement is best for the R6=0.22 result. This suggests
in the a direction. However, the present result indicates thethe existence of polarons beloty.

polaron effect is negligible in the direction hopping within

a bilayer? The experimental activation energy for thedi- V1. DISCUSSION
rection hopping is probably due to the energy barrier for the
rocksalt layer crossing between two Mpbilayers. The first In the present work we have demonstrated that this sys-
excited state also does not show any lattice instability as se¢em has local lattice instabilities. As a consequence, the
in Fig. 4. mixed-valence pairs Mi—O—Mn*" (3+ and 4+ are
nominal chargesare formed. Note that although the spins on
V. MAGNETIC COMPTON PROFILE the two manganese ai®=3/2 andS,=2, the charges on

In this section we compare the calculated MCP with anthem are almost equal. A mixed-valence pair, the Zener pair
experimental one. The MCP is calculated using the naturapolaron was proposed by Zhet al® The present work sup-
orbitals from the cluster calculation as ports the formation of such pairs; however, the stabilization

is not due to Zener’s double-exchange interactbiThe

TABLE VIIl. Main characteristics and occupation numbers of Jahn-Teller instability of M#" is certainly important since it
natural orbitals for théMn,0O,,)*5 cluster along the direction in ~ Provides a large electron-lattice coupling. However, the most

the ground state. significant contribution comes from the pseudo-Jahn-Teller
coupling between the ground and first excited states. This
Orbital number Main characteristics Occupatipfi]) coupling becomes possible due to the occupation of holes in
the bridging oxygerp orbitals, and is related to the signifi-
71 a6a p, 0.94(0.90 cant electron correlation effects found in tnOg)®~ clus-
72 Q63 py 1.00(0.97 ter calculations.
73 Q6a) py 1.00(0.97 Since the polaron stabilization energy is several times
74 Mn dyy s 1.00(0.00 larger thankgT,, the polarons are formed aboVig. Indeed
75 Mnd,, a 1.00(0.00 several experiments indicate the existence of polarons above
Y T, and some also below,.%1%:39-33The electron conduction
7 Mn dy s 1.00(0.02 aboveT, is most probably due t Il pol hoppi d
77 Mnd,, s 1.00(0.02 c p y due to small polaron hopping, an

this explains the activation-type temperature dependence of

8 Mn dy, a 1.00(0.02 the electric conductivity abovE..2!! Indeed, the present es-
79 Mndy, a 1.00(0.02 timate of the barrier for the R2 deformation, 68 meV, is very
80 Mn dz,2_r2 S 0.93(0.09 close to the experimental estimate 65 meV obtained from the
81 Mn dse22 @ 0.13(0.04 temperature dependence of conductiVityle also found an-

82 o5a s 0.00(0.02) other significant symmetry-breaking lattice instability for the
83 053 p, 0.00(0.00 R6 deformation with the barrier 92 meV. A recent experi-

ment suggests that the polaron types change as temperature
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FIG. 4. Potential energies for local lattice de-
formations for the(Mn,0;,)*®" cluster along the
¢ direction. Two lines in each figure are for the
first excited state by the CASSCF calculation
(top) and the ground state by the CASSCF calcu-
lation (bottom), respectively.

is decreased td@, from above®® This may correspond to the double-exchange mechanism fgyband electrons since the
change from the R2 deformed polaron to the R6 deformegbolarons melt belowT.. The disappearance of the diffuse
X-ray scattering througf, with lowering temperature sup-
The conduction mechanism beldly becomes now con- port this point of viewt® However, the present result and a
troversial. It has been thought that it can be explained by théew experimental results suggest that the existence of po-

one.

0.25 T T T T

0.2

Jmag (P;) (arb. units)

0.05
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FIG. 5. Comparison of the experimental mag-
netic Compton profile and theoretical profiles ob-
tained from the(Mn,0;,)*®" cluster calculations.
Right panel is the closeup of the left one near
p,=0. Pluses, experimental result; dash-dotted
line, result by the UHF calculation at R2=R6
=0; solid line, result by the CASSCF calculation
at R2=R6=0; dotted line, result by the CASSCF
calculation at R2=0.17; dashed line, result from
the CASSCF calculation at R6=0.22.
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larons persists below..2%3! The disappearance of diffuse fect corresponds to the changedby 1.2 K per 1 T of the
scattering mentioned above may simply be interpreted as thapplied magnetic field® Note that the total spin of the
disappearance of a disorder, and does not exclude the pospseudo-Jahn-Teller polaron is rather lar§e,7/2, and the
bility for an appearance of a polaron order. Indeed, theZeeman splitting of this spin in the magnetic field of 1 T is
ARPES experiment suggests the existence of a stripeabout 4.7 K. Thus, this scenario seems to be not unrealistic.
like order’® The existence of the polarons below and The present results also give some insight into the metal-
above T, corresponds to the existence of a pseudogap dtc conductivity belowT,. If we take the pseudo-Jahn-Teller
those temperaturé$:'® It is also worth pointing out that pairs as the basic building blocks of the electronic state, a
contrary to common belief, a charge order does not necessaperiodic arrangement of them may give rise to a conduction
ily make the system insulating. This is demonstrated inband composed of the 81st natural orbitals. This “split-off
Lay_»Sh.xMn,0; at x=0.53* where the CE-type charge- band” from the lower energy band due to the electron corre-
orbital order formation at around=100 K actually reduces lation may account for the metallic conductivity beloly
resistivity and the system shows metallic conductivity. and also the ghost FS observed in the ARPES
The above argument makes us surmise that the insulatomeasurements. The coexistence of the polaron and conduc-
metal transition in this system may be a consequence of thigon bands belowT. has recently been considered by Ra-
disorder-order transition of the pseudo-Jahn-Teller polaronmakrishnaret al® They have argued that the coexistence of
and the CMR effect may be explained as the shift of thisthe polaron and conduction bands systematically explains the
transition temperature by an applied magnetic field. Let uCMR effect. Although their model is different from ours in
have a brief look at this possibility with a very crude model: detail, it seems that the coexistence scenario is promising.
we take the Ising model to describe this transition and emNote that the formation of the ordered polaron phase also
ploy the Bragg-Williams approximation. Then, the transition means phase separation into the pair ordered phase and the
temperature is given by,=zJ wherez=5 is the number of rest®
nearest neighbors antis the Ising coupling parameter. For
thex=0.4 sample, the Curie temperaturelis= 120 K; thus, Vil CONCLUSION
the interaction parametel is estimated as=24 K. This In the present work, molecular orbital calculations have
value is actually close to the observed value 20 K for thebeen performed ofMn,04,)'° clusters by the UHF and the
correlation life time for the short range antiferromagneticCASSCF methods. The CASSCF result exhibits double-well
correlation aff =142 K 3° This suggests that the above short- potential energy surfaces for symmetry-breaking deforma-
range order corresponds to antiferromagnetic pseudo-Jahtiens. The wells are significantly large for two types of de-
Teller polaron pairs. Such pairs should have slightly differenformations, the R2 and R6 deformations depicted in Fig. 2.
atomic configurations compared with the ferromagnetic pairdhe excellent agreement between the experimental and the-
and thus will create diffuse scattering. The polaron packingretical MCP’s sindicates the presence of polarons bdlgw
is already established well abové&, and the final It is suggested that pseudogaps may be due to polaron for-
paramagnetic-ferromagnetic transition of pseudo-Jahn-Tellanation, and the split-off band above the polaron band may
pairs occurs af.. The magnitude of the observed CMR ef- explains the metallic conductivity beloW.
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