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Electronic structure of LaMnO ; in the ab initio crystal Hartree-Fock approximation
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We find that arab initio electronic structure calculation in the Hartree-Fock approximdtitfA) leads to
the experimentally observed magnetic and orbital orderings in LajMia® well as its insulating character.
While such agreement was also found in density-functional the¢t&d’s), there are large differences in
other physical predictions. The HFA results are discusssd vistwo different DFT’s and an embedded
cluster theory, as well as x-ray photoemission and inelastic neutron scattering experiments.

I. INTRODUCTION opposite order occurs. Furthermore, an LPW band calcu-
lation gave the Mrd band below the @ band? Thus there

The divalent-metal doped rare-earth manganites have reare major differences between existing pictures, and they are
ceived a great deal of attention in recent years largely due tof considerable importance, e.g., at stake is the nature of the
the colossal magnetoresistan&@MR) in these compounds. band gap, Q— Mn-d or Mn-d— Mn-d (the two possibili-
The phase diagrams of these manganites are very rich; this have been called charge-transfer insulators or Mott-
magnetic and conducting properties, as well as crystalloHubbard insulators, respectivélyWe were thereby moti-
graphic structure, can vary substantially with temperaturesated to carry out calculations on LaMp@sing the Hartree-
and doping concentrationThese properties alone, aside Fock approximation(HFA). HFA is a well-established
from the CMR, constitute an interesting research areatheoretical approach, independent of the above methods, and
La; _,CaMnOs is a typical family of these manganites, with thus can provide valuable comparison with the other results.
the CMR occurring in the region near= 1. Here we focus  Also, it is known that for some &transition-metal oxides
on LaMnG; (thex=0 end member of the above familyfits  with perovskite-based structure, e.g., lanthanum cuprate and
properties, which involve magnetic and orbital ordering plusnickelate, LSDA failed and the HFA succeed&tio predict
strong Jahn-Teller distortion, are interesting in their owncorrectly the ground state insulating property and the mag-
right. netic ordering.

There has been a great deal of work on LaMnGhe Our HFA results show some surprising physical effects,
papers most directly relevant here are Refs. 2—7. Saitohnd significant differences from LSDA. The correct mag-
et al? obtained experimental photoemission results and innetic and orbital orderings and insulating character are found
terpreted them through a cluster configuration-interactiorin both theories. However, we find major differences in the
model. Local spin density approximatighSDA) band cal- occupied densities of statés.g., the Op bands lie close to
culations were reported in Refs. 3-5. In all three of the bandhe top of the valence band in the HFA, more similar to the
calculations, the experimentally observed ground state magnterpretation of Ref. 2 and the LDAU results of Ref. 4
netic ordering was found. The observed orbital ordering wad here is also a major difference in the effective spin Hamil-
obtained by Satpathgt al? (this property was not discussed tonians; yet the magnon dispersion curves of both theories
in Refs. 3 and b The spin Hamiltonian, which governs the are consistent with the neutron scattering experimastywe
magnetic properties including the low-lying excitatigqsgin  will explain. Also, in apparent contrast to LSD'A! a large
waves or magnons was calculated by Solovyeetal®  spinless charge backflow, B2p—Mn*233d, is found in
within the LSDA. Hirotaet al.” determined the magnon dis- HFA. Finally, the fundamental type of insulator differs in the
persion via inelastic neutron scattering measurements, artd/o approximations: LSDA gives a band insulattiie gap
claimed it to be consistent with the theory of Ref. 6. Sarmadoesn’t exist for the cubic structyreHFA yields a Mott
et al® found their LSDA density of states and calculatedinsulator (the gap exists for both the cubic and distorted
photoemission intensity to agree with the measurements daftructures
Saitohet al?

These facts would seem to have the theory of these prop- Il. METHOD
erties of LaMnQ in satisfactory shape. However, the theo-
ries of Refs. 2 and 3, both of which apparently explain the To our knowledge, ours is the firab initio HFA calcu-
photoemission data, disagree with each other. In Réin3 lation for this material? The calculation makes use of the
agreement with the other LSDA calculations of Refs. 4 andprogramcRYSTAL95 2 In LaMnQ;,, the MnQ octahedrdde-

5), the Mnd band lies near the top of the valence band, withnoted ag§ MnOg]) are strongly Jahn-Teller distorted and ro-
the O p band lower than thel band, while in Ref. 2 the tated from the crystal axes by an appreciable amount, result-
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TABLE |. HFA and LSDA (Ref. 5 energies of LaMn@with various magnetic orderings. The energies
shown are relative to the FM state of the cubic structure, in meVI(Ma=insulator, metmetal) The HFA
energies are for the states with the observed orbital ordésieg text

FM AAF GAF CAF Fl
HFA cubic 0, ins 0.4, ins 34, ins 32, ins 16, ins
orth —1053, ins —1055, ins —1041, ins —1039, ins —1047, ins
LSDA cubic 0, met 110, met 365, met
orth —156, ins
ing in an orthorhombic crystal structu¢space groug’nma L
with four symmetrically equivalent Mn per unit céfl.we H = constt (Z) JijSﬁ'SjJr(,zk ) Jijki
1,] L],K,

carried out the calculations on both the observed orthorhom-
bic structure and a fictitious isovolume cubic structure in
order to investigate the effect of the strong lattice distortion.
The basE sets of Mn and O are those optimized forg s the spin atMn) sitei, Ji; and Jj;, are exchange pa-
CaMnQ;.™° La is treated as a bare Laion and represented rameters, and each combination of summation indices is
by an effective core potentidf;a test of this approximation summed once. Since there are five energies, the mapping can

X (four-spin termg+---;

@

as well as other accuracy control parameters of the prograetermine foud's plus the constant ifl. We choose thd's

will be discussed in Sec. IV.

in the following way. We consider the one-band Hubbard

v2Xv2x2 supercell of the undistorted cubic perovskite
structure. The longest side of the unit cell is chosen asis

17 and the MnQ planes perpendicular to it are called basal
planes.

Ill. RESULTS

A. Magnetic properties

t,,t,. Perturbation theory with thg small implies the spin
Hamiltonian of Eq.(1). Keeping through fourth order terms,
more than fourJ’s occur; however, only a particular subset
of four can be determined by the five ordered states consid-
ered. This is the chosen set and is as follows: the intraplane
NN J;, the interplane NNJ,, the interplane next NNJj,

and the interplane four-spidy. Due to the distortion of the
crystal structure, there are actually two typesigfandJ,,

For the orthorhombic structure, it can be shown that thergjepoted ag(sl) andJ(32) 6 andJ&l) andJSZ)_ In the mapping
are five collinear magnetic orderings that maintain the size of o only the average values of the two typesJef are

the unit cell. They are ferromagnetiEM), A-type, G-type,
and C-type antiferromagneti¢AAF, GAF, and CAB, and
ferrimagnetic(Fl) orderings, defined as follows. AAF: the
Mn spins are parallel in a basal plane and antiparallel fro
plane to plane. GAF: each nearest-neighidti) pair of Mn
are antiparallel. CAF: each NN pair of Mn are antiparallel in
a basal plane and parallel along thaxis. Fl: one of the four
Mn in a unit cell is antiparallel to the other three. HFA re-

sults for these ordered states are listed in Table |, together

with LSDA results for comparison. It is seen that HFA pre-
dicts the ground state of LaMn@o be an AAF insulator, in
agreement with experimefft.LSDA also makes the same
prediction. In the cubic structure, both theories predict th
FM state to have the lowest energy. However, there are su
stantial differences between the theories. For example, i
HFA all states are insulatinor both cubic and orthorhom-
bic structureg while in LSDA all states of the cubic struc-
ture are metallic. The band gapénot shown in the tablein
HFA are much larger than those in LSDA. From the result
in the AAF column, it is seen that the crystal distortion low-
ers the energy per Mn by-1 eV in HFA, vs 0.27 eV in

LSDA. For the cubic case, it is seen that LSDA predicts
much larger energy differences among the various magneti-

cally ordered states.

[S)

determined:J; is the average ad$" andJ{?, and similarly
for J,. Note that the same mapping can also be done for the
cubic case. This is possible because the existing orbital or-

rTHering (discussed later gnbreaks the cubic symmetry and

make, for example]; not equal toJ,.

The results of the mapping are listed in Table Il. In both
the cubic and orthorhombic caselks, andJ, are negligible.
This supports the neglect of further neighbor terms, expected
a priori to be small. The signs af, andJ, reflect the ground
state magnetic properti€EM for the cubic and AAF for the
orthorhombig. LSDA calculations by Solovyeegt al. for the
orthorhombic case give a qualitatively different pictfiras
shown in Table Ill, LSDA gives a much biggdg; alsoJ;

-and J, are both ferromagnetic and they alone would yield a

nWrong magnetic state. It is thi that turns the ground state

from FM to AAF in the LSDA.
The spin wave spectrum of the system has been measured
in a recent inelastic neutron scattering experiment and was

Sfitted very well using a 23 (J; andJ,) spin Hamiltonian by

Hirota et al.” The results are also included in Table IIl for

TABLE 1l. HFA Js in the effective spin Hamiltonian of
LaMnQ;, in meV.

The HFA energies of the five magnetically ordered states

for the orthorhombic structure are used to map to an effective 1 J2 I Ja
spin Hamiltonian(see Refs. 10 and 15 for discussion of the cubic -2.1 -0.13 0.019 0.0049
mapping. We add four-spin terms to the usual two-spin grth. -0.88 0.21 0.0036 0.00051

terms in the spin Hamiltonidf
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TABLE Ill. Comparison of the HFA, LSDA(Ref. 6, and ex- B. Spinless charge backflow and density of states

perimental (Ref. 7) J's in the spin Hamiltonian of LaMng@ in To our surprise, Mulliken population analysiIPA) on

mev. the HFA results gives charges that deviate substantially from
J; 3, Js the formal valence picture, although the spin values do not
show such deviation. We find M2 O %7, and 1%
Exp —167 121 ~0 while the Mn spin is 1.98; the formal valence picture is
HFA —0.88 0.21 ~0 Mn*3, O~?, with Mn spin of 2.(0, is the apical oxygen and
LSDA —2.28 —0.78 0.78 Oy, the basal-plane oxygenwe note that, due to the bare

core approximation for La, these MPA results should only
] ] ) serve as an indication of deviation from the formal valence
comparison. Our HFA results are smaller in magnitude thamyicre, not taken as being very accurate. A similar but more
the experimental values by about a factor of 2Jerand 6 geyere departure from the formal valence picture has been

for J,. At first glance one would say that the eXperimentreported for an all-electron HFA calculation on CaMptd
shows a 2J character of the system and thus favors the HFAhere Mn was found to be M7 3.25

. : ; with spin =52, compared
icture. However, as we analyze further, we find that this . - . . . .
Eonclusion is not solid enoug% yet. Hiro#d al. state that with the nominal value MA* with spin 3. That is, there is a

their experimental results are consistent with those of Sol_arge nearly spinless backflow of electrons from “Qto

+3 +4 PR
lovyev et al. in the following sense. If one maps the 13- Mn™ or Mn™®. Such large changes in ionic charges would

model by Solovyevetal. to the following effective 23 have obviously important consequences, e.g., on Madelung
model: energies, phonon spectra, dielectric constant. How they

would affect current simplified models is obscure, but cer-
tainly their implications for such models would have to be

I =93 considered.

J<22J):J<23J)+4J<33J) ) It must be pointed out that the MPA is basis set depen-
dent, and can be very misleading when in the basis set there
are diffuse basis functions that are appreciably occufét.

(the factor of 4 in the second equality comes from the coorHowever, the following considerations suggest that the de-
dination number involved witli), thenJ{*” andJ$” have  viation from the formal valence picture found here cannot be
the right signs and are both about a factor of 2 too large irexplained solely by basis set dependerigeVe repeated the
magnitude compared with the experimental values. By Eqcalculation with the most diffuse Md and Osp basis func-
(2), the 30 model and its effective 2-model have identical tions omitted from the basis set. This gave a very small
spin wave dispersion along tleeaxis. Dispersion along sev- change in the MPA, the result actually being further from the
eral other directions is shown in Fig. 1. It is seen that the spiformal valence picture(ii) The way that the MPA attributes
wave spectra of the two models are quite close. The differan overlap charge to the two atoms involved is somewhat
ence is estimated to be about the size of the error bars of thartificial and therefore results in an inherent uncertainty in
experimental data cited. So at this point, the LSDA picture ighe meaning of the MPA results. Moreover, when the MPA
not definitely ruled out. The issue could be settled by somegives ridiculous results due to the presence of very diffuse

what more accurate measurements. basis functions in the basis $8t* there usually are large
overlap charges. So smallness of the overlap charges is an
30 indication of the reliability of the MPA results. In the present

case, the overlap charges totally account for 0.06 electrons
for Mn, considerably smaller than the deviation of the MPA
charge of Mn from the formal chargéiii) In contrast to
g y MPA, the charge from the actual integration of the charge
10 { ] density over a reasonable volunteide infrg) around an
’ ’ atom is much more basis-set insensitive, and gives a realistic
value of the HFA result(assuming a good basis set, of
course. So this integration is a good check for verifying the
| -~ correctness of MPA results. We did not do the integration for
20 | 1 1 LaMnOQ; since the precise numbers will not be useful due to
g the bare core approximation for the La, as mentioned in the
previous paragraph. Instead, we redid the all-electron calcu-
lation of Ref. 15 for CaMn@ and then integrated the charge
[114] [116] density over a cube around a Mn. The faces of the cube are
0 perpendicular to the Mn-O bonds and pass through the
k k minima of the charge density along the bonds, which gives
FIG. 1. The spin wave dispersions of theJ3solid ling) and its  the cube edge to be 1.8 (khe cube is close in size to the Mn
effective 2J (dashedl spin Hamiltonians, along four arbitrarily Sphere of diameter 2.12 A used in Ref. Fhe integrated
chosen directions. The values 6 are those given by Solovyev charge for Mn wast-2.52, close to the MPA result of2.17.
et al. (Ref. 6. The k indexing follows the convention used in Further discussion of the La bare core approximation is
Ref. 7. given in Sec. IV, where it is suggested that a large deviation

20 -

o, (meV)

[110] {112

o, (meV)
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6 ‘ ‘ ‘ ‘ ' ; fact intra-atomic exchange would tend to increase the Mn
! spin by polarizing electron transfer from O; also, we find in

: HFA an increase in Mn spitas determined by integration of

C the spin density within a suitable cube centered at thg Mn

1 over the nominal value for CaMnO

f The HFA predictions of the charges on ions and the char-
j acters of the valence bands are consistent with the interpre-
: tation of a recent experiment by Saitetal, who studied

1r Oup )
Lo ' MW La; ,Sr,MnO; by photoemission and x-ray-absorption
0

spectroscopy. These authors determined that the character
of the band gap of LaMngis of the p-to-d charge-transfer
type while that of SrMn@ (corresponding to CaMn{n our
discussion has considerabl@-p character as well ap-d

1+ o p . character. The HFA resultévia the MPA show that for
L M LaMnO; and CaMn@, the Mnd electron population is

0 I W roughly equal, while the @-population gets reduced for the

-1 | L latter. This implies that the valence bands of CaMr@nsist

of a smaller amount of @- character than LaMng) which
in turn suggests that there is a larger amount g§ Charac-
ter in the conduction bands of CaMpGCombining this with

|
-2 + t 4 } b |
40 |

o0 | Total Lo the other HFA prediction that the @bands are the highest
ol J‘M\ b occupied bands can explain the above experimental observa-
0 WM tion. Saitohet al. also reported that the Md-electron popu-
10 ‘ ‘ . , ‘ : lation is 4.5 for LaMnQ and 3.8 for SrMn@, a considerable
-12 =10 -8 -6 -4 -2 deviation from the formal valence picture similar tal-

Energy (V) though not as severe Jaghat predicted by the HFA, which

FIG. 2. The(projected DOS of LaMnQ, with AAF ordering. ~ We find to be about 4.7 for both LaMn@nd CaMnQ. The
Positive and negative DOS are for up- and down-spin states, respeBl0st surprising aspect of the Saitehal. work? is that their
tively. Energies are relative to the top of the valence band. Thetalculation showed a large reduction in photoemission inten-
projected Mnd and Q;-p DOS are for Mn and O on an up-spin Sity of the Mnd band as compared to the density of states
basal plane. The projected-Q and total DOS are symmetric for (due to matrix-element effegtsWe intend to calculate that
up- and down-spin. The down-spin part of the total DOS is omittedintensity using our HFA wave functions to check this.
from the figure.
from formal valence, as found above, probably will hold true C. Orbital ordering
in more accurate HFA calculations. We now discuss orbital ordering—this is ordering of the

The projected density of occupied states of LaMri®  singlee, orbital occupied at each Mn. In the observed struc-
shown in Fig. 2. It is seen that a small amount of BIn- ture, each MnOg] is stretched substantially along one axis
projected density of statd®0S), both up and down, exists and is rotated by 10°-15° from its orientation in the cubic
in the range of 0 to 6.9 eV below the top of the valencestructure. Disregarding the rotation for simplicity, the
bandsE;, coinciding with the range of the @ bands and stretched axes lie in the basal plane, alternating in direction
accounting for the nearly spinless backflow. The large peakby 90°, and this pattern repeats along ¢fexis. The stretch-
(spin up in the Mnd projected DOS in the 8.7-10.3 eV ing, being driven by the Jahn-Teller splitting of tegstates,
range belowE, are associated with the Mah bands, which leads to an expected orbital ordering—the single occugjed
are spin polarized and give the moment of Mn close to thabrbital at each Mn igl(3z°—r?) type with its axial symme-
predicted by the formal valence picture. try along the stretched axis of the associgtbthOg]. This

This HFA picture is rather different from previous LSDA orbital ordering is indeed found in our HFA solutions, by
calculations. First, to our knowledge, no departure from theplotting the spin density. A combination of the thrigg and
formal valence picture has been reported in LSDA studies obne e, electrons(nominally the only unpaired electrons in
the system. In fact, Satpathgt al* state that the charge the systemdictates a unique shape in the spin density dis-
states are close to nominal in their LSDA results. Second, theibution, which therefore can be used to identify whigh
O p bands lie above the Md bands in HFA, opposite to orbital is actually occupied. For example, Fig. 3 shows the
what LSDA predicts—>! The disagreement between HFA spin density at a Mn with thel(3x2—r?) orbital occupied
and LSDA in the order of » and transition metadl bands  (the z direction is along thec axis). This orbital ordering,
has also been seen for other systérfs>® which was predicted long ago by Goodenodgthas also

We also note that LDA-U calculationd show ordering of  been obtained in LSDA calculatioissind was recently con-
the Op and Mnd bands very similar to our HFA results. firmed in experiment$®
Those calculations were disparage the grounds that the In our study, we obtain the same orbital ordering for all
Mn spin turned out to be larger than the nominal valgiéor  trials with various magnetic orderings as well as initial con-
CaMnGQ;). However, as far as we are aware, there is no theoditions used to start the Hartree-Fock calculations, for the
rem that the Mn spin must not be greater than nominal. Irobserved orthorhombic structure. However, for the cubic
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Spin Density at d{3x®-r?)-Mn TABLE IV. HFA energies of different magnetic and orbital or-
dering states for the cubic structure. The symib@z>—r?) means
that thee, electron is of this type for all Mn, similarly fod(x?
—y?). The third oned(3x?—r?)/d(3y?—r?), is the observed or-
dering of the orthorhombic structure, as discussed in the text. En-
ergies are relative to the AAF state of the orthorhombic structure, in
meV/Mn.

FM AAF GAF CAF

d(32%-r?) 1147.4
d(x?>—y?) 11659 11450 11575
d(3x?—r?)/d(3y®>—r?)  1054.8 1055.2 1088.9 1087.2

IV. DISCUSSION AND SUMMARY

The extreme smallness of the various energy differences
between magnetic states requires a discussion of the numeri-
cal accuracy of our calculations. The sources of errot®are
the tolerance in the direct-space summations of Coulomb and
exchange seriegontrolled in the program by five param-
eters calledToOLINTEG), the number of sampling points for
the Brillouin zone integratioficontrolled by a shrinking fac-
tor 1S), and the finite basis sets used. The presented results of
this work were calculated usimmpLINTEG of (7, 7, 7, 7, 14
and IS of 6. IS=6 translates to 80 asymmetkgoints in the
Brillouin zone and is more than adequate for our need of
accuracy; the total energy obtained from using=K (30
asymmetrick pointg deviated by less than 0.003 meV/Mn.
The deviation of total energy due to changeToLINTEG is
much larger; by using8, 8, 8, 8, 16 for TOLINTEG, we
observed that the total energy changed by about 50 meV/Mn.
However, the energy differences between various magnetic
states in the test remained quite stable, typically only varying
by ~0.1 meV/Mn. Concerning the errors due to the finite
basis sets, we expect the most severe should come from the
La bare core approximation, which we now discuss.

The test of the bare L& ion approximation consisted of
adding to the L&® core an optimized shell consisting of a
single primitive Gaussiaf0.32 Bohr ? is the optimized ex-
ponenj. The total energy decreased by about 2 eV/Mn; how-
ever, the energy differences between the various magnetic
states changed by onky0.1 meV/Mn (a few %), and the
change in the occupied band structgnet shown is small.
Similar behavior of the basis set dependence was also found
in studies of other systent8.The charges found in the test

FIG. 3. The spin density on they,yz andzxplanes at a Mn with  yere La 2% Mn*214 0(1-55, and q1-59_ Interestingly,
thed(3x2-r?) and thred 4 orbitals occupied. The plotting regionis .42 electrons per La occupied the added d_ahell, but
about(3.9 A)?, centered at the Mn. The slightly off of the symmetry these electrons were taken from oxygen, making the results
axes of the distribution from the, y, andz axes is a result of the  ayen further from the formal valence picture.
rotations of thg MnOg] in the observed crystal structure. To summarize, our HFA results on LaMg@ive a dra-

matically different picture from that of previous LSDA cal-
structure we find a variety of orbital orderings by starting culations, although for some properties, e.g., orbital and
with different initial conditions. This is probably due to the magnetic ordering, the two theories agree. This agreement is
absence of the Jahn-Teller distortion which would stabilizesurprising in view of, but certainly not inconsistent with, the
the occupancy pattern of theg orbitals?* Table IV lists the large differences. Some of the HFA predictions have been
energies of the various states we have obtained in the cubgupported by experiment. In particular, the HFA spin Hamil-
case. Roughly speaking, the results suggest that the energgnian is consistent with a spin wave experiment, but the
scales associated with the change in crystal strudturbic  present accuracy of the experiment is not quite sufficient to
to orthorhombig, orbital ordering(in the cubic structure  distinguish conclusively between the HFA and LSDA re-
and magnetic ordering are in the ranges of 1, 0.1, and 0.04ults. The DOS in HFA is consistent with one interpretation
eV/Mn, respectively. of a photoemission experimehitHowever, it is not consis-
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tent with another interpretatidrof the same experimental pretation of ghotoemission resditéin contradiction to the
results, based on LSDA. Further, the DOS in LBA  LSDA results™).

theory" is more similar to the HFA result, and is definitely
inconsistent with the LSDA result. We can conclude that our ACKNOWLEDGMENTS
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