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Jahn-Teller distortion and magnetic structures in LaMnO3
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Structural optimization is performed for LaMnO3 with the first-principles pseudopotential method based on
the local density approximation~LDA !, the generalized gradient approximation, and the LDA1U approxima-
tion. The Jahn-Teller distortion is reproduced even by LDA but the magnitude of the distortion for all three
approximations is not quite large enough compared with the experimental value. The same analysis is per-
formed also for the hypothetical ferromagnetic state. The Jahn-Teller distortion still exists but the magnitude is
much reduced. The unit-cell shape becomes nearly cubic. These features are qualitatively consistent with the
related experimental observations. If the crystal structure is optimized for each magnetic state, the present band
calculation predicts the ferromagnetic state to be lower in energy than theA-type antiferromagnetic state,
which is inconsistent with the experimental observation. The origin of the failure in the prediction of the
ground state is discussed.@S0163-1829~97!05142-4#
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I. INTRODUCTION

Perovskite transition-metal oxides~TMO! have a long
history of research and have been known as materials w
variety of interesting properties, such as dielectric, magne
optical, and transport properties. Renewal of interest in
perovskite TMO was brought in by the discovery of t
high-Tc superconductors about a decade ago1 and the mecha-
nism of superconductivity and the basic properties of
strongly correlated systems have been discussed intensi

In addition to the high-Tc related activities, we have als
found recently very important activities for the perovsk
manganites. Colossal magnetoresistance,2–6 magnetic-field-
(H-! induced structural phase transition7 and very unique
phase diagrams in theT-H plane,8 are some examples o
new dramatic discoveries. It is true that many of the ba
ingredients in the mechanisms responsible to these phen
ena were proposed in the past, such as double exchang9–11

Jahn-Teller ~JT! effect,12–14 charge ordering,15,16 orbital
ordering17–19, and so on. Nevertheless, coherent understa
ing of various phenomena requires detailed analysis
the real controlling mechanism for each phenomenon,
cause some different mechanisms can lead to the same
nomena.

In the present work, we focus our attention on the re
tion between the JT effect and the magnetic struct
in LaMnO3, which is the mother material of many manga
ites exhibiting interesting phenomena. The importance
the JT effect and its relation to magnetic properties h
already been discussed by several authors. Milliset al.
claimed that not only the double exchange mechanism
also the dynamical JT effect will contribute to coloss
magnetoresistance.20 The observed temperature dependen
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of the Debye-Waller factor for oxygen of La0.65Ca0.35MnO3
follows qualitatively the behavior as predicted by the
theory.21 There are also observations that the tempera
dependence of the Mn-O bond below and aboveTc is
different.22,23 In the mother material LaMnO3, it was dem-
onstrated that the ground-stateA-type antiferromagnetic
~AF! order is stabilized only by taking the JT distortion in
account.24,25 The JT distortion induces the orbital polariz
tion ~and ordering! in which the orbitals confined in theab
plane,d3x22r 2 or d3y22r 2, are dominantly populated and th
counter orbitals ofeg symmetry,dz22y2 or dz22x2, are less
populated. This orbital ordering reduces the ferromagn
~FM! contribution from theeg orbitals to the interlayer ex-
change coupling making the AF contribution from thet2g
orbitals dominant.

There is a one-to-one correspondence between the JT
tortion and the orbital polarization. As theeg ~or t2g) band is
the antibonding state between the oxygenp orbital and the
transition-metald orbital, the eg ~or t2g) state with thed
orbital extending along the longer Mn-O bond has a low
energy and thus will be more populated than the oppo
case. However, it is not obvious which one of the two, the
distortion or the orbital polarization, is the trigger for th
other. It is well known that the orbital polarization can b
induced also by the electron-electron interaction. For
ample, in the Hartree-Fock approximation for an impur
problem with orbital degeneracy, the instability condition f
the orbital polarization is given by

UeffD~Ef !>1, ~1!

Ueff5U2J, ~2!
12 154 © 1997 The American Physical Society
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whereU (J) is the Coulomb~exchange! part of the electron-
electron interaction andD(Ef) is the density of states pe
spin per orbital at the Fermi level. If the orbital polarizatio
is stabilized by the electron-electron interaction, the latt
will deform accordingly. In such a case the lattice distorti
~we call this also JT distortion! is a result of the orbital
polarization. On the other hand, in the standard JT distort
the electron-phonon interaction in the state with orbital
generacy will produce the lattice distortion and the orb
polarization simultaneously. It is almost impossible to jud
unambiguously which of the two, the electron-electron int
action or the electron-phonon interaction, is the controll
factor in the real material. Nevertheless, we expect so
qualitative differences among different materials. First, let
consider the difference between LaVO3 and LaMnO3. The
former has thed-electron configuration of (t2g)2 and the
Fermi level sits in thet2g manifold. As thet2g–O 2p hybrid-
ization is weak, thet2g states are fairly localized. Therefor
we expect that the orbital polarization in LaVO3 is induced
mainly by the electron-electron interaction and that the
tice distortion follows the orbital polarization. On the oth
hand, the Fermi level of LaMnO3 is in theeg manifold with
the electron configuration of (t2g)3(eg)1. The strongeg–O
2p hybridization makes theeg states itinerant and we
expect a strong electron-phonon interaction will cause the
effect. Such a natural expectation for the difference betw
LaVO3 and LaMnO3 is supported by the fact that the diffe
ence between the longest V-O bond and the shortest on
only 0.06 Å in LaVO3, which is much smaller than the co
responding value of 0.27 Å in LaMnO3.26

Second, we consider the difference between KCuF3 and
LaMnO3. In both systems, the Fermi level sits in theeg

manifold. However, as the Cud orbital is more localized
than the Mnd orbital, the lattice distortion and the orbita
polarization~and ordering! can be stabilized only by taking
account of Ueff explicitly with the so-called LDA1U
method.27 This suggests that the electron-phonon interact
is of secondary importance in KCuF3.

The purpose of the present work is now clear. The fi
objective is to see how the JT distortion of LaMnO3 is pro-
duced by some different levels of approximations to
electron-electron interaction. We try three approximatio
the local density approximation~LDA !, the generalized gra
dient approximation~GGA!, and the LDA1U method.~We
assume the spin polarization is included in all the three
proximations.! The second objective is to see how the
distortion is affected by the magnetic ordering. This is
inverse problem of our previous work where we conside
the magnetic interaction as a function of the JT distortion24

We have found that the JT distortion of LaMnO3 is stabi-
lized even with LDA being in contrast to the case
KCuF3.27 This may imply that the electron-phonon intera
tion is the main origin of the JT distortion in LaMnO3. How-
ever, we also have found that even the LDA1U method
cannot reproduce the full magnitude of the observed JT
tortion. With regard to the second objective, the JT distort
is substantially reduced and even the lattice becomes alm
cubic in the FM ordering. The result is qualitatively cons
tent with some experimental facts.
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II. CALCULATIONAL METHOD

We adopt Vanderbilt’s ultrasoft pseudopotential~PP!
method28,29and use the plane waves as a basis set in orde
optimize the structure of LaMnO3 efficiently. Thep and f
states of La,d states of Mn, andp states of O are treated b
the ultrasoft PP and the other states are treated by the n
conserving PP optimized by Troullier and Martin
prescription.30 The cutoff energy is 30.25 Ry, which is su
ficient to make the calculated lattice constant conve
within 1%. The number ofk points is 144 in the first Bril-
louin zone, which corresponds to 48 and 56k points in the
irreducible Brillouin zone for the FM and AF orderings, re
spectively. The linear tetrahedron method is employed
sum up the occupied states. It was confirmed that the
method and the full-potential linear augmented plane w
~FLAPW! method give almost identical results.

The expressions proposed by Perdewet al.31,32 are used
for the LDA and GGA functional. In addition to LDA and
GGA, we adopt the LDA1U method33,34as an attempt to go
beyond GGA to treat strongly correlated electron systems
the LDA1U method the space of the electronic states
separated into the subspace of the localized orbitals,
which the Coulomb interaction between electrons is exp
itly taken into account, and the subspace of the delocali
states, for which the orbital independent Kohn-Sham o
electron potential is considered to be a good approximat
The interaction energy between the localized electrons is
sumed to be given by the Hubbard-like expression35

EU@$nm
s %#5U (

mm8
nm
↑ nm8
↓

1
U2J

2 (
mÞm8

~nm
↑ nm8
↑

1nm
↓ nm8
↓

!,

~3!

where$nm
s % is the set of orbital occupancies for the localiz

states,m and s denote the orbital and spin, respective
ns5(mnm

s , andn5(sns. The interaction between localize
electrons is already included in the local-spin-density
proximation ~LSDA! and this part has to be subtracted
avoid double counting. In the present work, we follow t
prescription given by Solovyevet al.:34

Edc@ns#[
U

2
n~n21!2

J

2
$n↑~n↑21!1n↓~n↓21!%.

~4!

The total energy of the LDA1U method is given by

ELDA1U@r↑,↓,$nm
↑,↓%#5ELSDA@r↑,↓#1EU@$nm

↑,↓%#

2Edc@n↑,↓#

5ELSDA@r↑,↓#

1
U2J

2 H n2(
m,s

nm
s nm

s J , ~5!

with ELSDA the total energy in the LSDA. We implemente
this method into the PP method. Some details of the ac
implementation are described in the Appendix. Note thaU
andJ are simply parameters andUeff5U2J is set to be 2.0
eV. This value ofUeff that is applied to botht2g and eg
electrons gives a reasonable band gap for LaMnO3.36
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III. RESULTS AND DISCUSSION

A. Role of La 4f state

Because the La 4f states are located above the Fer
level by about 3 eV in the calculated result by FLAPW,26 we
neglected 4f states in the construction of a PP of La as a fi
attempt. The occupied part of the calculated density of st
~DOS! by using the PP without La 4f states seems to be i
reasonably good agreement with that by FLAPW as sho
in Fig. 1. Thus we tried to optimize the internal coordina
of LaMnO3 with this PP for the lattice constants determin
experimentally. As the Jahn-Teller distortion was reduc
rapidly in the optimization process, we stopped the optim
zation just before the system changed from an AF insula
to a FM metal. The total energy for this final structure is 4
meV/f.u. lower than that for the experimental structu
However, FLAPW gave an opposite result; i.e., the exp

FIG. 1. Total DOS for LaMnO3 obtained by the PP without th
La 4f states~solid lines! and that obtained by FLAPW~dashed
lines!.
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mental structure is stabler by 198 meV/f.u. than the struct
mentioned above. We also calculated the total energie
these structures by fixing the energy parameters of Laf
states to be about 18 eV above the Fermi level in
FLAPW calculation. This calculation reproduced the PP c
culation, indicating the necessity of the La 4f states in the
structure optimization. We can also see in Fig. 2 that inc
sion of the La 4f states in the PP gives a DOS in bett
agreement with that by FLAPW compared with the form
PP result: significant improvements are seen for the Op
states between24 eV and23 eV, and for the Mnt2g states
located around22 eV. The orbitals for these states extend
the La atoms.

Therefore, if we remove the La 4f states artificially, the
contribution to the cohesion from the 2p~O!–4f ~La! and
t2g~Mn!–4f ~La! hybridization will also be removed. This
may cause positive internal pressure to the system and

FIG. 2. Total DOS for LaMnO3 obtained by the PP including
the La 4f states~solid lines! and that obtained by FLAPW~dashed
lines!.
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TABLE I. The optimized structure parameters of LaMnO3 for the A-type AF and for the hypothetical FM orderings. In the upper ha
the results with experimental lattice constants are shown and in the lower half, those with full structure optimization are sho
percentage shown in the parentheses denotes the difference between the optimized lattice constants and the experimental ones

Mn-O ~a.u.! /Mn-O-Mn (°) Q2 Q3 Lattice constants~a.u.! Volume
ab plane c axis ab plane c axis ~a.u.! a b c/A2 ~a.u.3)

Experiment 3.597, 4.128 3.698 154 157 10.14 0.78 10.454 10.851 10.247 1643.69

Experimental cell

AF LDA 3.715, 3.967 3.696 157 157 20.03 0.43
GGA 3.713, 3.977 3.698 157 157 20.02 0.44

LDA1U 3.693, 3.988 3.697 158 157 10.01 0.48
FM LDA 3.787, 3.885 3.695 158 157 20.13 0.23

GGA 3.787, 3.890 3.696 158 157 20.13 0.24
LDA1U 3.784, 3.887 3.695 158 157 20.13 0.24

Optimized cell

AF LDA 3.702, 3.877 3.682 158 158 20.03 0.30 10.404 10.654 10.214 1601.14
(20.3%! (21.8%! (20.3%! (22.6%!

GGA 3.717, 4.087 3.755 156 156 10.05 0.57 10.603 10.967 10.384 1707.61
(11.4%! (11.1%! (11.3%! (13.9%!

FM LDA 3.731, 3.800 3.728 157 157 20.00 0.12 10.388 10.500 10.337 1594.55
(20.6%! (23.2%! (10.9%! (23.0%!

GGA 3.810, 3.893 3.775 158 157 20.05 0.16 10.585 10.785 10.501 1695.26
(11.3%! (20.6%! (12.5%! (13.1%!
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duce the JT distortion. We have found that the lattice c
stant of fcc La expands by about 4% if we remove Laf
states artificially.

B. Optimized structures in LDA, GGA, and LDA 1U

The structure optimization of LaMnO3 with AF and FM
orderings was performed in two steps with LDA, GGA, a
LDA1U. In the first step, we optimized only the intern
coordinates fixing the lattice constants to the experime
values for theA-type AF ordering. There are 7 degre
of freedom in the internal coordinates of LaMnO3. The
optimized structure is characterized by the local envir
ment around the Mn, i.e., the Mn-O bond lengths and
Mn-O-Mn bond angles in theab plane and along thec axis,
which are listed in Table I. The Jahn-Teller distortion is w
specified by decomposing the lattice distortion into the n
mal modesQ2 andQ3,12,13 which are given by

Q25
1

A2
~X12X42Y21Y5!, ~6!

Q35
1

A6
~2Z322Z62X11X42Y21Y5!, ~7!

where X, Y, and Z are the coordinates of the surroundin
oxygens with the subscript specifying the atoms as show
Fig. 3. The oxygens that have the longest Mn-O bond
assigned to O-3 and O-6 in the present convention. For
experimental JT distortion, the tetragonal (Q3) mode is
dominant and the orthorhombic (Q2) mode is minor and ye
appreciable. The theoretical structure optimization for
A-type AF ordering with the experimental unit cell give
more than 50%~55% by LDA, 56% by GGA, and 62% by
LDA1U! of the Q3 distortion but fails to reproduce theQ2
distortion. The underestimation of theQ3 distortion and the
incorrect estimation of theQ2 distortion may both originate
from the insufficient degree of the orbital ordering in theeg
states. In the present calculation, the occupation numbe
d3x22r 2 anddy22z2 orbitals are 0.79 and 0.57, respectively
LDA, while these are 0.86 and 0.55 in LDA1U. The band
structures for the optimized structures by LDA, GGA, a
LDA1U are given in Fig. 4. The two band branches from
21.3 eV to the Fermi level are mainly contributed b
d3x22r 2 andd3y22r 2 orbitals and those from the Fermi lev

FIG. 3. ~a! The normal modeQ2 (Q2.0). ~b! The normal mode
Q3 (Q3.0).
-
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to 0.8 eV bydz22y2 anddz22x2. One can see that there is
small band overlap in both LDA and GGA and that on
LDA1U can produce an insulating state for LaMnO3.

If we assume a FM spin ordering keeping the unit cell t
same as the experimentally obtained one for theA-type AF
spin ordering, all LDA, GGA, and LDA1U give almost the
sameQ2 and Q3 as shown in Table I.Q3 is significantly
reduced andQ2 takes a rather large negative value. Ho
ever, these results are artifacts of the restriction imposed
the unit-cell shape.

In the second step of the structure optimization, we all
the unit-cell shape to relax. The unit-cell optimization w
performed by calculating the stress acting onab, bc, andca
planes. The results are summarized in Table I.~We have not
optimized the unit-cell shape in LDA1U.! Let us first dis-
cuss the AF ordering case. We readily note that theQ3 dis-
tortion is further reduced in LDA. This is mostly caused b
the underestimation of the lattice constants~particularlyb) in
LDA. Anyway, the fact that LDA can produce an appr
ciable amount of the JT distortion in LaMnO3 is qualita-
tively different from the situation in KCuF3. In contrast to
LDA, GGA overestimates the lattice constants as in ma
other cases and the estimatedQ3 distortion becomes large
though still smaller than the experimental value. The sign
Q2 is now correct.

In Fig. 5, we plot the calculatedQ3 for three different
unit-cell volumes. The result seems to suggest that theQ3
distortion depends sensitively on the volume and that fo

FIG. 4. Band structure for AF LaMnO3 calculated in~a! LDA,
~b! GGA, and~c! LDA1U. Only the internal coordinates were op
timized by each approximation.
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given volume LDA and GGA give nearly the sameQ3. Ex-
perimentally, small doping of Sr changes the volume andQ3
as shown in Fig. 5. In this case the slope ofQ3 against the
unit-cell volume is about two times steeper than that for
calculated result. The difference in slope between theory
experiment may have two causes. First, the carrier dop
will reduce the JT distortion and, second, the present ca
lation underestimates the JT distortion.

The full structure optimization for the FM ordering mod
fies the lattice constants appreciably and reduces the JT
tortion. Experimentally, the doped FM state may not ha
any static JT distortion, while the present calculation pred
the presence of small static JT distortion in the hypothet
FM state of undoped LaMnO3. We must note again tha
doping will efficiently destroy static cooperative J
distortion.37 The FM state will have a wide metalliceg band
as shown in Fig. 6.

As has been discussed so far, the Jahn-Teller distor
namely, the modulation in the Mn-O bond lengths, stron
correlates with the magnetic structure and the lattice c
stants. In contrast to this, the variation in the Mn-O-Mn bo
angle among different situations in Table I is only about 1
This may imply that the Mn-O-Mn bond angle is fairly in

FIG. 5. The normal modeQ3 obtained by LDA, GGA, and
LDA1U are plotted as a function of the unit-cell volume. Circl
and triangles correspond to the AF and FM LaMnO3, respectively.
Open and closed symbols are the results in LDA and GGA, res
tively. Closed and open diamonds denote theQ3 obtained in
LDA1U for the AF and FM LaMnO3, respectively. Experimenta
results for the Sr doped LaMnO3 are plotted by3 ~Ref. 41!.

FIG. 6. Total DOS of up and down spin states for FM LaMnO3

obtained in GGA for the fully optimized structure.
e
d
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sensitive to the external perturbations such as magnetic fi
pressure, and so on. Such an observation is consistent
the argument by Hwanget al.:38 by plotting the FM Curie
temperatureTC , Mn-O bond lengths, and Mn-O-Mn angle
as functions of the average ionic radius of theA site ions,
they found thatTC correlates more strongly with the Mn-O
bond length than with the Mn-O-Mn angle.

Figure 7 shows the ratios of lattice constants,b/a and
(c/A2)/a, for AF and FM LaMnO3. For the AF LaMnO3
the calculated results agree with the experiment within 2
Clearly, the lengths ofa, b, andc/A2 become closer to eac
other in the FM state. Experiments for La12xSrxMnO3 in-
dicate thatb decreases,a slightly decreases, andc increases
by increasing the Sr concentrationx, causing the phase tran
sition from AF to FM and from the orthorhombic to rhom
bohedral structure.39 The experimental behavior is consiste
with the calculated results.

Table II shows the total energy difference between the
and FM spin orderings. Though the AF phase is stabler t
the FM phase for the experimental structure, the energy
dering is reversed after the structure optimization. The f
ure in predicting the stable magnetic ordering for the op
mized lattice structure may be due to the underestimation
the Jahn-Teller distortion and therefore the underestima
of the orbital ordering in the AF LaMnO3. The A-type AF
ordering in LaMnO3 can be stabilized only with strong or
bital ordering.24,25 The present LDA1U gives almost the
same energies for the AF and FM states even for the exp
mental structure, which is an even worse result than thos

c-

FIG. 7. The ratios of lattice constants,b/a and (c/A2)/a, ob-
tained by the experiment~Ref. 42!, LDA and GGA. Closed and
open circles denote the ratios for the AF and FM LaMnO3, respec-
tively.

TABLE II. The total energy difference~meV/f.u.! between the
AF and FM LaMnO3, that is EAF2EFM . ‘‘Expt.’’ and ‘‘Opt.’’
denote the experimental and optimized structures, respectively

Expt. Opt.

LDA 219.4 56.5
GGA 215.2 62.6
LDA1U 20.1
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LDA and GGA. The reason is that in the present LDA1U
method, unlike our LDA1U 2 method,35 the sameUeff is
applied to botht2g andeg states. This enhances the exchan
splitting in thet2g states and reduces their antiferromagne
contribution to the exchange coupling. At present we ha
no clear idea about the basic origin of the failure in pred
ing the ground state of LaMnO3. Nevertheless, we commen
on two possible problems in the present work. First,
speculate that theeg bandwidth may be overestimated in th
band-structure calculation and that the widereg band may
lead to the weaker orbital polarization. The width of theeg
band is controlled by thep-d hybridization matrix element
the p-d band separation, and the electron correlation. Th
is no clear evidence showing that the former two fact
contribute to widening theeg band but the electron correla
tion, which is not properly taken into account in the pres
band calculation, will certainly reduce theeg bandwidth.
Second, it may be possible to improve the situation if
orbital-dependentUeff is introduced in the LDA1U ap-
proach. In order to cure the inconvenient aspects of
present LDA1U approach,Ueff has to be very small for the
t2g states. Our LDA1U 2 method actually predicted that th
Ueff for the t2g states is vanishingly small for LaMnO3.
However, this method did not give any prescription to es
mate Ueff for the eg states. Developing an improve
LDA1U method is one of our main goals.

Based on the arguments so far and also those in our
vious work, we would like to make a comment on the a
pearance of the FM state by doping of divalent elements.
generally believed that the double exchange mechanism
the doped holes is responsible for the stability of the F
state. There will be another mechanism: as was repeat
mentioned, doping of divalent elements will certainly redu
the JT distortion, which in turn will stabilize the FM state

IV. SUMMARY

The structure optimization for LaMnO3 was performed
by the plane-wave basis pseudopotential method w
Vanderbilt’s ultrasoft pseudopotential. The electron-elect
interaction was treated by LDA, GGA, and LDA1U. The
present calculation reproduces the JT distortion by ab
40% to 75% depending on the approximations for
electron-electron interaction. However, this variation in t
calculated JT distortion correlates with the variation in t
calculated lattice constants. For given lattice constants b
LDA and GGA produce nearly the same JT distortion. T
present result suggests that the JT distortion decreases a
volume decreases. Anyway, even LDA can produce an
preciable JT distortion for LaMnO3, in clear contrast to the
situation in KCuF3. We also studied the hypothetical FM
state of LaMnO3. The lattice becomes nearly cubic (a.b
.c/A2) and the JT distortion is significantly suppressed

As for the stability of theA-type AF spin ordering, if we
fix the crystal structure as experimentally observed,
A-type AF state has a lower energy than the FM state. H
ever, if we optimize the crystal structure forA-type AF and
FM states separately, the FM state becomes stabler tha
A-type AF state being inconsistent with the experimen
fact. The failure in the prediction of the ground-state ma
netic state may be due to the insufficient degree of the orb
e
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ordering. Some possible origins of the failure were d
cussed.
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APPENDIX: IMPLEMENTATION OF THE LDA 1U
METHOD IN THE PSEUDOPOTENTIAL METHOD

The LDA1U method has been so far implemented in t
electronic structure calculations using the atomic orbital-l
basis: the linearized muffin-tin orbital~LMTO! method33 and
the linear combination of atomic orbitals~LCAO!.40 In the
present work we implemented the LDA1U method in the
pseudopotential method with Vanderbilt’s ultrasoft pseud
potential. For that purpose the first-order density matrixgmn

s

is defined as follows:

gm
s [(

k,i
f k,i

s ^xm
s uck,i

s &^ck,i
s uxn

s& ~A1!

5(
k,i

f k,i
s ^x̃m

s uŜuc̃k,i
s &^c̃k,i

s uŜux̃n
s&, ~A2!

where ck,i
s and c̃k,i

s are true and pseudo wave function

respectively, andŜ is a Hermitian overlap operator.28,29 xm
s

and x̃m
s are true and pseudo atomic orbitals, respective

The diagonalized density matrixg̃mn
s is written as

g̃mn
s 5(

k,i
f k,i

s Um8m
s* ^ x̃m8

s uŜuc̃k,i
s &^c̃k,i

s uŜu x̃n8
s &Un8n

s
5dmnnm

s ,

~A3!

whereUn8n
s is a unitary matrix diagonalizing the density m

trix, and nm
s are eigenvalues. The total energy of th

LDA1U method is calculated by Eq.~5! with nm
s of Eq.

~A3!. The Kohn-Sham equation in LDA1U is given by

FIG. 8. The dashed line is the pseudo wave function obtaine
the procedure of producing the pseudopotential of Mn. It vanis
beyond the muffin-tin radius of 2.64 a.u., because the calcula
result by LMTO is used for making the pseudopotential. The so
line is the truncated pseudo wave function by usingr c52.2 a.u. and
d50.12 a.u.
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~ĤLDA1U2«k,i
s Ŝ!uc̃k,i

s &

5~ĤLSDA2«k,i
s Ŝ!uc̃k,i

s &1~U2J!(
m

S 1

2
2nm

s D dnm
s

d f k,i
s c̃k,i

s*

50, ~A4!

with

dnm
s

d f k,i
s c̃k,i

s*
5Ŝu x̃n8

s &Un8m
s Um8m

s* ^ x̃m8
s uŜuc̃k,i

s &

5H u x̃n8
s &1 (

n9m9,I

qn9m9
I ubn9

I &^bm9
I u x̃n8

s &J
3Un8m

s Um8m
s* H ^ x̃m8

s uc̃k,i
s &

1 ( qn-m-
I ^ x̃m8

s ubn-
I &^bm-

I uc̃k,i
s &J . ~A5!
n-m-,I

W

tt

K.

sh

,

.

i-

E.

.

op
As for the definition of the quantities in Eq.~A5!, see Refs.
28 and 29.

There is an ambiguity in the choice of the atomic orbi
in Eq. ~A2!. A truncated pseudo wave function is chosen
the pseudo atomic orbital, which is defined by the followi
expression:

x̃m
s 5w̃m /@11exp$~r 2r c!/d%#, ~A6!

wherew̃m is the pseudo wave function obtained in the pr
cedure of producing the pseudopotential,r c and d are
the cutoff radius and width of the truncation. Figure 8 sho
the truncation of the pseudo wave function for Mn. T
pseudo atomic orbitals are then normalized so as to sa

^ x̃m
s uŜu x̃m

s &51.
. B

bilt,

R.

v.

B.

,

s.
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