PHYSICAL REVIEW B 82, 045124 (2010)

Jahn-Teller distortion and magnetic structure in LaMnOs;: A first-principles theoretical study
with full structure optimizations
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The Jahn-Teller (JT) distortion and the magnetic structure of LaMnO; were studied with first-principles
theoretical calculations based on the projector augmented-wave method in generalized gradient approximation
(GGA) and GGA+U. If internal coordinates and lattice constants were optimized, GGA calculations failed to
predict the experimental ground state with A-type antiferromagnetic (A-AFM) ordering like in other calcula-
tions, while GGA+U calculations reproduced the experimental JT distortion and the A-AFM ground state
successfully. It was also shown that a large on-site Coulomb repulsion U, on the La 4f states does not affect

the results significantly.
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I. INTRODUCTION

Manganites exhibit fascinating properties such as tunnel
magnetoresistance,'™ colossal magnetoresistance,’ etc.,
that can be utilized in creating new electronic devices.
LaMnOs; is one of the mother materials of such manganites.
As a first step toward predicting device properties that in-
clude interfaces or defects, it is important to know to what
extent density-functional theory (DFT) calculations can re-
produce basic bulk properties of LaMnOs, i.e., the Jahn-
Teller (JT) distortion and the ground-state magnetic structure
of the A-type antiferromagnetic (A-AFM) state. Many
papers!%-# show that if the experimental structure is used,
the A-AFM state has the lowest total energy. However, if the
structure is optimized for each magnetic state, predicting the
ground-state magnetic structure is not a trivial task of DFT
calculations.!>20

It was shown by Solovyev et al.?!' that the exchange cou-
pling between Mn atoms is ferromagnetic (FM) in the ab
plane irrespective of the magnitude of the JT distortion while
the interlayer exchange coupling is also FM for weak JT
distortion and can be AFM only with significant magnitude
of the JT distortion. Note, however, that the important JT
distortion in this argument is the Q3 mode in Fig. 1(b) with
the principal axis lying within the ab plane. Therefore, for
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FIG. 1. (Color online) The normal mode (a) Q, (>0) and (b) Q3

(>0).
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the study of the stable magnetic ground state, the total-
energy comparison is needed only between FM and A-AFM
states and the key point to be addressed is whether the Q5 JT
distortion or the associated in-plane orbital ordering of alter-
nating (3x*>-r?)/(3y>~7r?) type can be quantitatively repro-
duced or not. In the study using ultrasoft pseudopotentials,?
Sawada et al.'>'7 showed that the JT distortion was signifi-
cantly underestimated particularly in the FM state and the
A-AFM ground state was not reproduced by LDA, GGA,
and LDA+U. Using the projector augmented-wave (PAW)
method and GGA, and optimizing lattice constants and
atomic coordinates for both A-AFM and FM states, Lorenz
et al.'® obtained the A-AFM ground state, although they did
not show the atomic structures. On the other hand, using the
same computational code and GGA of PW91,” Kotomin et
al.'® obtained FM ground state. Using the unrestricted
Hartree-Fock (UHF) method and optimizing lattice constants
and atomic coordinates for A-AFM state, Nicastro and
Patterson®* obtained the A-AFM ground state. However, the
energy lowering of the A-AFM with respect to the FM state
is relatively small, and the Mn-O-Mn angles are too large in
their calculation. The underestimation of the A-AFM stabil-
ity is due to the general trend that UHF method overesti-
mates significantly the exchange splitting and reduces the
strength of the superexchange. In the full-potential linearized
augmented plane-wave (FLAPW) calculations, Shishidou er
al.? showed that the JT distortion was reproduced semiquan-
titatively in LDA and GGA and even quantitatively in
LDA+U if the internal coordinates were optimized with the
fixed experimental lattice. However, it is rather strange that
the ground-state magnetic structure was reproduced by LDA
but not reproduced by GGA and LDA+U. The lattice opti-
mization is yet to be done in their calculation.

Thus, the full structure optimization with several different
approximations is worth to be done. In the present study, the
full structure optimization of LaMnO; was performed in
GGA and GGA+U. In the GGA calculation, if the A-AFM
state was assumed, the JT distortion was qualitatively but not
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FIG. 2. (Color online) Total density of states for LaMnOjs in (a)
A-AFM and (b) FM states obtained in GGA for the fully optimized
structure.

quantitatively reproduced and the ground state turned out to
be FM, as in previous calculations.'3171920 In the GGA
+ U calculation, the JT distortion was semiquantitatively re-
produced and the ground-state magnetic structure became
A-AFM correctly. The failure in the GGA calculation may be
attributed to serious underestimation of the alternating (3x?
—1?)/(3y?=r?)-type in-plane orbital ordering and JT distor-
tion in the FM state. Here we note that a similar solution for
the FM state is also obtained as a metastable state in the
GGA+U calculation. It was also found that applying a large
on-site Coulomb repulsion U, on the La 4f states which are
placed at a too low energy in DFT calculations”1%1525 does
not significantly change the JT distortion and the relative
stability of the A-AFM state. Hereafter, GGA + U(4f) means
a GGA+U calculation with U not only on Mn 34 states but
also on La 4f states.

II. METHOD

The calculations are based on the PAW method.?® The
QMAS code was used in the actual calculations.?’” The GGA
of the Perdew-Burke-Ernzerhof (PBE) version®® and the
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FIG. 3. (Color online) Total density of states for LaMnOj5 in (a)
A-AFM and (b) FM states obtained in GGA+ U for the fully opti-
mized structure.

GGA+U of Dudarev et al.* were used. U.=U-J was set
to be 2 eV on Mn 3d states in GGA+U calculation. In the
GGA+U(4f) calculation, U of 14 eV was additionally in-
troduced to La 4f states. The convergence criteria were 1
X 1078 ¢/bohr® for the self-consistent-charge distance, 5
X 1075 hartree/bohr for the maximum force, and 3
X 1077 hartree/bohr’ for the stress tensor. The plane-wave
cut-off energy was set to 20 hartree. The k-space integration
was performed by sampling k points with an 8 X 8 X 8 uni-
form mesh in the Brillouin zone.’® The Pulay stress?!'=33 was
included in the stress tensor to correct the effect of plane-
wave cutoff on lattice constants.

III. RESULTS AND DISCUSSION

In the following, there are three levels of structural opti-
mization: (1) no optimization and just use of experimental
structure, denoted as “EXP”; (2) partial structural optimiza-
tion, denoted as “P-OPT” in which only the internal coordi-
nates are optimized with the experimental lattice constants;
and (3) full structural optimization, denoted as “F-OPT.” In
the present GGA + U calculations, we have found some meta-
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TABLE 1. Calculated and experimental indirect gap, direct gap, and magnetic moment for LaMnOj.
Calculated results are for EXP and F-OPT structures within GGA and GGA+U.

Experiment Calculated
EXP F-OPT
GGA GGA+U GGA GGA+U
Indirect gap (eV) 0.24% 0.27 0.81 0.22 0.90
0.278" 0.1622
Direct gap (eV) 1.1° 0.70 1.18 0.61 1.20
1.7¢ 0.677"
Magnetic moment (ug) 37+0.14¢ 3.33 3.46 3.35 3.49
3.42¢ 3.394f 3.468

Resistivity measurements (Ref. 35).
bOptical measurements (Ref. 36).
“Photoemission measurements (Ref. 37).
dNeutron diffraction (Ref. 38).

®Neutron diffraction (Ref. 39).

fFLAPW method (Ref. 10).

EPAW method (Ref. 18).

stable solutions for the FM state. Only the lowest energy
solution among them will be shown in the following two
sections in order to discuss the ground-state magnetic states.
The multiple solutions for the FM state will be briefly dis-
cussed in the Sec. III C.

A. Ground-state electronic structure

Before discussing the details of the crystal structures and
magnetic orderings, we first show the basic electronic struc-
tures obtained by the F-OPT level calculations. The densities
of states for A-AFM and FM orderings are shown in Figs. 2
and 3 calculated in GGA and GGA+ U, respectively. In the
calculation using ultrasoft pseudopotentials by Sawada et
al.’3 within LDA and GGA and that by Trimarchi and
Binggeli** within LDA, structure optimization made the
ground-state A-AFM of LaMnOj; metallic. In the present cal-
culation in GGA, like in another PAW calculation,'® this
weak point is improved.

The calculated results and experimental ones for the indi-
rect band gap, direct band gap, and magnetic moment are
listed in Table I. The experimental indirect band gap was
estimated by the resistivity measurement.>> The GGA results
in both EXP and F-OPT are in good agreement with the
experimental one while the GGA+ U results are significantly
overestimated. The calculated direct band gap in GGA is less
than half of the experimental data from the photoemission
measurement.’’ The present GGA+ U calculation with Ul
=2 eV gives still a smaller gap compared with the experi-
mental data, but agrees well with the optical band gap.3°
However, as exciton effects were not taken into account in
our calculations, this agreement is not meaningful. As for the
magnetic moment, the calculated results are in reasonable
agreement with the experimental values 3.7 ug (Ref. 38) and
3.42up,% though the GGA results are slightly underesti-
mated.

B. Structure and orbital ordering

In LaMnO;, MnOg4 octahedra rotate and tilt due to the
La-ion size that makes the tolerance factor less than one, and
they distort due to the JT effect. Because of these, the b axis
is elongated and the ¢ axis is shortened with respect to the a
axis. 8

JT distortion. The local structural distortion around a Mn
atom is described by normal modes Q, and Q5 (Refs. lg, 40,
and 41) (Fig. 1), which are represented by 0,=(1/\2)(X,
—X4—Y2+Y5) and Q3=(l/\‘"6)(2Z3—2Z6—X] +X4—Y2+Y5),
where X, Y, and Z are the coordinates of the surrounding
oxygen atoms with the subscript specifying the atoms. The
oxygen atoms located along the principal axis are assigned to
O(3) and O(6) which are lying in the ab plane in the present
system.

Figures 4(a) and 5(d) show JT distortions calculated by
optimizing internal coordinates with experimental lattice
constants (P-OPT) and by fully optimizing both internal co-
ordinates and lattice constants (F-OPT), respectively. Experi-
mental results and other theoretical results are also shown.
Experimentally, O, and Q5 are 0.14 a.u. and 0.78 a.u., re-
spectively. In the level of P-OPT [Fig. 4(a)], the present
GGA calculation underestimates both O, and Q3, which are
0.07 a.u. (50%) and 0.59 a.u. (75%), respectively. However,
in the GGA+U calculation, they are enhanced to 0.12 a.u.
(81%) and 0.68 a.u. (86%), respectively. The present PAW
results for Q, and Q5 are close to FLAPW results? for both
GGA and GGA(LDA)+ U calculations, and they improve the
results of ultrasoft pseudopotential calculation.'?

In the level of F-OPT [Fig. 5(d)], Q, and Q5 by the GGA
calculation in the A-AFM state become larger [0.09 a.u.
(63%) and 0.71 a.u. (91%), respectively] and approach ex-
perimental values. Q, and Qs by the GGA+U calculation
also become larger [0.12 a.u. (85%) and 0.88 a.u. (113%),
respectively]. The results in GGA+ U(4f) are very similar to
those of GGA+U: Q, and Q5 are 0.13 a.u. (89%) and 0.88
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a.u. (112%), respectively. These results show that the experi-
mental JT distortion is reproduced by GGA and GGA+U
calculations semiquantitatively if the full structure optimiza-
tion (F-OPT) is performed. It should be noted, however, that
the volume is overestimated [Fig. 5(a)] in GGA and even
more in GGA+U. As for the lattice constants, a (not shown
in Fig. 5) is reproduced within about 1% in most cases while
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FIG. 5. (a) The volume expansion, (b) the lattice expansion, (c)
the lattice constant ratios b/a and (c/ \2)/a, (d) the JT distortion,
and (e) the Mn-O-Mn angles for a Mn-O-Mn pair in the ab plane
and that along the ¢ direction for the F-OPT calculations. Exp.
corresponds to the experimental structure (Ref. 38). LDA® and
GGAW correspond to the ultrasoft pseudopotential calculations
(Ref. 15). GGA® and GGA© correspond to PAW calculations from
Refs. 18 and 19, respectively. UHF corresponds to Ref. 24.

b may deviate from the experimental value up to about 3% as
seen in Fig. 5(b). The UHF calculation®* also semiquantita-
tively reproduce JT distortion [0.09 a.u. (63%) and 0.64 a.u.
(82%) for Q, and Qs, respectively| while the lattice constants
except for b are overestimated.

Mn-O-Mn angle. The Mn-O-Mn angles for a pair of Mn-
O-Mn in the ab plane and that along the ¢ direction are
shown in Figs. 4(b) and 5(e) for P-OPT and F-OPT calcula-
tions, respectively. Experimentally, the in-plane and the out-
of-plane Mn-O-Mn angles are 154.3° and 156.7°, respec-
tively. The calculated values are close to the experimental
ones, except that the differences in these two angles are
smaller in the present calculations as well as in the P-OPT
calculation of Ref. 34. In the P-OPT calculations [Fig. 4(b)],
the angles by the present calculations are very close to those
by the FLAPW calculations?® for GGA and GGA(LDA)+U.
Applying U.=14 eV on the La 4f states slightly increases
the Mn-O-Mn angles. In the F-OPT calculation [Fig. 5(e)],
the angles become larger in the FM state for the GGA cal-
culation, reflecting the structure with reduced JT distortions
in the FM state. The UHF calculation®* predicts very large
Mn-O-Mn angles for the A-AFM ground state.

Orbital population. Figure 6 shows the orbital populations
in the majority spin e, states for LaMnOj; in the EXP and
F-OPT structures in GGA, GGA+ U, and GGA + U(4f). Here
and in Fig. 6, z is taken as the local principal axis around a
Mn atom. In the calculations using the experimental structure
[Fig. 6(a)], the occupation number for the 3z%>—r orbital is
close to one, and that for the x>—y? orbital has smaller popu-
lation for all the three approximations. If FM state is im-
posed, the occupation number for the 3z%—r? (x>~y?) orbital
is reduced (enhanced) for all the calculations, but the system
is still in the orbital ordered state.

In the fully optimized structure [Fig. 6(b)], the occupation
numbers in the A-AFM state are not changed largely from
those in the experimental structure. If FM state is imposed,
the in-plane orbital ordering remains in GGA+U and GGA
+ U(4f) calculations, while it almost disappears in the GGA
calculation. As will be discussed in the next section, the pres-
ence of significant in-plane orbital ordering even in FM state
is crucial to make A-AFM state the ground state.

La 4f states. The La 4f states are located by about 3 eV
above the Fermi energy in the present GGA and GGA+U
calculations as well as in other calculations.”!%1>25 Experi-
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FIG. 6. The orbital population in the majority spin e, states for
LaMnOj in (a) EXP and (b) F-OPT structures within GGA, GGA
+U, and GGA+U(4f).

mentally it is located at 8.7 eV above the Fermi energy.*’
Sawada et al.'> showed that if they remove the La 4f states
artificially, the cohesion from the 2p(O)-4f(La) hybridiza-
tion is removed, resulting in expanded lattice constants and
reduced JT distortion. Ma et al.?> showed by FLAPW calcu-
lations for Lag ¢6Sry33MnO5; within LSDA+ U that even if a
large Coulomb parameter (10 eV) is applied to the La 4f
states, the effects on the total energy and the density of oc-
cupied states are negligible.

In the present study, U.=14 eV was applied to the La 4f
orbitals so as to reproduce the experimental 4f level. Al-
though the structural changes by correcting the La 4f levels
were found to be small, there were some clear trends in the
structural changes. In the level of F-OPT, the lattice con-
stants in the A-AFM state were slightly expanded [Fig. 5(b)],
and consequently, the volume expansion increased from
+3.5% in GGA+U to +4.2% in GGA+ U(4f) [Fig. 5(a)] be-
cause of the reduced 2p(0)-4f(La) hybridization as dis-
cussed by Sawada et al.”® If U is applied to the La 4f
states, the average of the eight La-O bonds was elongated by
0.02 a.u. and the average of the Mn-O-Mn angles was in-
creased by 0.8° [Fig. 5(e)]. The bond-length elongation may
correspond to the expansion of the rare-earth ion radius in
ABO; perovskites and the present result may mimic the ex-
perimental dependence of the angle on the A-site ion radius
for AMnO;,¥ ATiO;,** and AFeO;,% which show weak
B-site ion dependence.%

C. Ground-state magnetic structure

We briefly discuss the basic mechanisms of stability of the
A-AFM ordering in LaMnO; following the arguments by
Solovyev et al.?! If there is no JT distortion and orbital or-
dering, the ground state is FM because the FM double ex-
change due to the half filling of the metallic e, bands is
stronger than the AFM superexchange due to 1,, orbitals. As
JT distortion of Q5 mode and (3x*>-7?)/(3y*~r?) type orbital
ordering grow, the mechanism of the intra-ab plane Mn-Mn
exchange coupling is converted from FM double exchange to

PHYSICAL REVIEW B 82, 045124 (2010)

FM superexchange due to the AFM-type orbital ordering.
Therefore, although the basic mechanism of the magnetic
coupling changes, the FM exchange coupling wins in the ab
plane. On the other hand, once (3x>—7%)/(3y*>~r?) type or-
bital ordering is set in, the occupied e, orbitals are strongly
confined within the ab plane and the band gap opens. Then
FM double exchange between neighboring ab planes will not
operate and the AFM superexchange mediated by 1,, orbitals
governs the inter-ab plane magnetic coupling. It is shown by
Sawada et al.'® that for LDA and GGA, if the hypothetical
FM state is imposed, the orthorhombic lattice of LaMnO;
becomes nearly cubic [Fig. 5(c)] with the JT distortions Q,
and Qs approaching zero [Fig. 5(d)]. The present calculations
as well as results by Kotomin et al.'® within GGA also show
the same trend. The strong stability of FM state in these
calculations is clearly due to the weak JT distortion and the
orbital ordering. However, the present GGA+ U calculations
show a different trend. We have found some self-consistent
solutions for the FM state with different degrees of JT dis-
tortion and orbital ordering. Among them, the lowest energy
solution, which is lower than other metastable solutions by
about 3 meV, keeps similar structure parameters (Fig. 5) to
those of A-AFM with the same level of orbital ordering too
(Fig. 6).*7 Other metastable solutions have more cubiclike
structures with Qs-type JT distortion reduced to about
30-40 % of the most stable FM solution. We have found at
least two such metastable solutions which are nearly degen-
erate in energy within 0.2 meV, suggesting that the variation
of total energy around the cubic FM state is very flat. This
means that in the most stable FM solution, the Coulomb
repulsion stabilizes the orbital ordering with a result of re-
ducing the interplane FM exchange coupling while other
metastable solutions may have stronger interplane FM ex-
change coupling whose energy gain is overcompensated by
the reduced orbital ordering. On the other hand, between the
A-AFM state and the most stable FM state, we can say that
although the inclusion of local Coulomb interaction Uz on
Mn 3d orbitals may reduce the AFM superexchange!’ in a
similar way to that in UHF, the destabilization of FM state
due to strong orbital ordering is the main source of correct
prediction of A-AFM ground state by F-OPT with GGA+U
and also GGA+U(4f).

Figure 7 shows the total-energy difference between
A-AFM and FM states AE=E,_spv— Ery estimated by some
different approximations. A negative AE corresponds to the
experimental magnetic structure. From the AE, one can esti-
mate the out-of-plane exchange integral (magnetic coupling
constant) J,. using the classical spin model by AE=2J_SS,
where S=2 is a spin magnetic moment of a Mn ion.

For the EXP, all the calculations predict the A-AFM
ground state, although LDA+U calculation by ultrasoft
pseudopotentials'>!7 and by the FLAPW method® and the
UHF calculation?® predict very small |AE[’s.*® Many
papers'®!14 report AE’s obtained with experimental struc-
tures, and the estimated J.’s are summarized in Table II of
Ref. 13. They are scattered because the energy difference for
LaMnO; should be relatively small [Néel temperature Ty
=140 K (Ref. 49)] and depends on computational details.
The present J. with the experimental structure in GGA+U
(GGA+U(4f)) is —1.3(~1.2) meV, and it is in good agree-
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ment with the experimental value of —1.2 meV. %!

If the internal coordinates are optimized with experimen-
tal lattice constants (P-OPT), the AE’s become larger and in
many cases become positive. The FLAPW calculations® and
the present PAW calculations predict similar AE’s, like in the
case of the optimized structure as mentioned above.

If both the internal coordinates and the lattice constants
are optimized (F-OPT), the AE’s obtained in LDA and GGA
become even more positive except for the GGA results by
Lorenz et al.'® On the other hand, in the present GGA+U
(GGA+U(4f)) calculation, the A-AFM states regain their
stabilities by fully optimizing the structures, resulting in
AE=-3.9(-3.3) meV/fu. 3 The estimated out-of-plane
magnetic coupling constant is —0.5(-0.4) meV for GGA
+U (GGA+U(4f)), which slightly underestimates the ex-
perimental value %!

IV. CONCLUSION

The full structure optimization of LaMnO; was performed
by first-principles calculations using the PAW method in

GGA and GGA+U. The experimental JT distortion and mag-
netic structure (A-AFM) were reproduced in GGA+U. In
GGA calculations, the JT distortion existing in the A-AFM
state was significantly reduced in the FM state, while in the
GGA+U calculations, it was reproduced also in the FM
state, and the A-AFM state remained to be the ground state
after the full structure optimization. The present analysis
suggests that the failure in the GGA calculation may be due
to the strongly reduced in-plane orbital ordering in the FM
state. The out-of-plane magnetic coupling constant was in
agreement with experiments. Applying a large Uy on the
La 4f states does not change the JT distortion and the rela-
tive stability significantly.
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