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Structural and electronic properties of LaMnO ; under pressure: An ab initio LDA+U study
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The structural and electronic properties of LaMyn@der hydrostatic pressure are investigated by means of
ab initio LDA+U calculations, based on ultrasoft pseudopotentials. Previous theoretical studies have indicated
that the local-density approximatioftDA) incorrectly predicts the ambient-pressuPema structure of
LaMnO; to be metallic and significantly underestimates its Jahn-Teller distortion, when full structural optimi-
zation is performed. We find that the LDA+U approach corrects such features and provides a good general
description of the complex structural changes observed in the Lg\Pmthaphase under pressure. Consistent
with experiment, we find that the off-center shift in the xaoordinates, present at low pressure, disappears at
about 15 GPa. Our results indicate that this reduces the stability of theltyalen-Teller distortion, giving rise
to typea and typed Jahn-Teller distorted structures which are essentially degenerate in energy above
~15 GPa. We suggest that this may be a key element in driving the structural transitiorPofittamhase that
is observed experimentally at15 GPa.
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[. INTRODUCTION tected a structural transition to a high-pressure phase at
~15 GPa. Concerning this phase, they find that above
Recently considerable experimental and theoretical effortd5 GPa, anmmastructure(no JT distortion provides a bet-
have been devoted to the study of perovskite manganite®r fit to the high-pressure x-ray diffraction data than the
with general formuleR,A;_,MnO; (0<x<1), whereRis a  Pnmastructure. Ramahand neutroh data also suggest a
rare earth atonge.g., La, Pr, NdandA is an alkaline atom structural transformatiorito an unknown phagebut at a
(e.g., Ca, Sr, Ba! These materials exhibit puzzling physical somewhat lower pressure. The neutron diffraction study
properties related to a complex interplay between orbitalshows also that the low-temperature antiferromagnetic struc-
magnetic, charge, and structural degrees of freedom. Thiwire of the typeA (AF-A), that is observed at ambient pres-
includes colossal-magnetoresistan€&VR) effects, and a sure, is stable up to at least 7 GPa. Furthermore, measure-
large variety of phases with remarkably different structural,ments of resistivity reveal that the system keeps its insulating
magnetic, and transport properties. The latter may be comature at room temperature up to 32 GRahere it under-
trolled, e.g., using doping, temperature, magnetic field, elecgoes an insulator-metal transition.
tric field, photoexcitation, chemical pressure, and/or external The driving mechanisms behind the complex structural
pressuré—* The application of hydrostatic pressu@r changes and the structural transition occurring in LaMnO
strain), in particular, is a straightforward way to monitor the under pressure are presently far from being fully understood.
effect of the atomic structure on the electronic and magnetidhe atomic structure of the insulating phase above 15 GPa is
properties. also still an open issue. To our knowledge aio initio cal-
Among the manganese oxides, LaMni® important be-  culation has been carried out so far to investigate the pres-
cause it is thearentsystem in the family of manganites that sure behavior of LaMn@ Calculations based on the density
show the CMR effect. For this reason it is desirable tofunctional theory(DFT) within the local density approxima-
achieve a good understanding of its properties. At ambiention (LDA) and within the general gradient approximation
condition, the MnQ octahedra in LaMn@are strongly tilted (GGA) have addressed the electronic structure of LaMnO
with respect to the ideal cubic perovskite structure, and alsasing the experimental equilibrium structural parameters.
significantly distorted by a collective Jahn-Telld) effect. =~ Such calculations were able to reproduce the insulating band
In recent years, the structure of this material has been studiedructure of LaMnQ at ambient(experimentgl conditions.
under hydrostatic pressure using both neuftoasp to  Previous theoretical work, however, also showed that when
8 GPa, at room temperature and low temperatarel syn- the internal atomic structure is fully relaxed, both LDA and
chrotron x-ray diffraction techniqué$ (up to 40 GPa, at GGA incorrectly predict th€nmaphase to be metalli€and
room temperatune These studies show that LaMgp@nder-  significantly underestimate its Jahn-Teller distortion. In the
goes complex structural changes under pressure, both in imesent work, we therefore address the properties of the
lattice parameters and internal atomic structure. kbal8 Pnma phase using the LDA plus on-site-Coulomb-
have carried out an x-ray refinement analysis and determinedteraction approactfLDA+U), which is expected to fix the
the internal atomic structure for the low presstf@ama LDA/GGA band gap problenisee Ref. 8
phase up to a pressure of 11 GPa; on the basis of a linear It is worth noticing that even though the LDA+4b ini-
extrapolation of their data they propose that the JT distortionio method has been introduced in the early 1990s, it has
vanishes at-18 GPa. More recently, Saeit al.” have de- been used successfully mostly in studies of electronic struc-
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tures, whereas it has been rarely applied to the optimizatiopositive definite(U>0), as the eigenvalues of the on-site
of atomic geometries. The present work therefore also aimgccupation matrix have values between 0 and 1. This contri-
at addressing the predictive capability of the LDA+U ap-pution to the LDA+U energy functional may be viewed as a
proach for structural properties. In a previous work, Sawadgenalty term that favors integer occupations of the localized
et al® have used the LDA+U method together with the orbitals(in our case the Mrdl orbitals.
plane-wave pseudopotential scheme to optimize the internal The value of theU parameter in Eq(2) has been calcu-
atomic structure of LaMng) keeping fixed the lattice param- |ated following the LDA linear-response approach proposed
eters to the experimental ambient-pressure values. Here, Y Cococcioni and de Gironcdi?14inspired by the pertur-
use a similar approach, but carry out full structural optimi-p = o < hame by Pickett al15 We point out that the ap-
zation of Pnma LaMnO; at constant pressure in order to groach we employ here to evaluate U is internally
S

examine the changes in the atomic and electronic structure Snsisterit with the implementation of the LDA+U we use,
a function of pressure. . . . . ) . )
in particular with our choice of localized orbitals, i.e.,

The paper is organized as follows: in Sec. Il, we give . . ) ) A
some technical details on our LDA+U calculations: in Sec_pseudoatomlc orbitals. Using the experimental equilibrium

lll, the results for the atomic structure at zero pressure and@ues of the structural parameters of LaMp@e obtain

under pressure are described and compared to experiment; {#i-4-5 €V, which is the value we will use in the present

Sec. 1l D we examine the electronic structure of LaMno Work. We note that we have recalculatedposteriori the
under pressure; the last section is devoted to the final racalue of U for the atomic structure we obtain at high pressure

marks and to the Conc|usion5. (Px15 Gpa and f|nd that U Changegjecreasesby no
more than 15%. Such a change is expected to have a minor
Il. COMPUTATIONAL METHOD influence on the structural properties, and is neglected here

The calculations reported in this paper are performedSee also Ref. 16 .
within the LDA+U scheme using Vanderbilt ultrasoft ~ The ultrasoft pseudopotentials have been constructed us-

pseudopotentialsand a plane-wave-basis set for the elec-ing the following reference atomic configurations: La,

tronic orbitals. The LDA+U energy functional reads [Xe]5s?5p°5d6s%4f%; O, [He]2s?2p*; and Mn, [Ar]3d°4s®
_ (see Ref. 17 for the parameters used to produce the pseudo-
Eioaru =Eoa + By, @) potentialy. For manganese we have used the nonlinear-core

whereE, p, is the DFT energy functional treated within the correction: this has been sholfirto be important to repro-
local-spin-density approximatidéhand E, is the rotational duce in a satisfactory way the properties of materials con-

invariant! on site correctioh'213 taining magnetic ions such as Mn, Fe, or Co. The kinetic
U energy cutoff we use for the plane-wave expansion of the
EU[{nij}] ==>>lne -> ”ln?m”:g'm electronic states is 35 Ry; a cutoff of 280 Ry is used for the

27 e o electronic density. The sampling of the Brillouin zof&Z)

is carried out with a grid4,4,2 of the Monkhorst-Pack kind
= 92 Trn'“(1 -n'")]. 2) and we use a Gaussian smearing of the electronic levels, with
2%, full width at half maximum ofo=0.005 Ry, to determine the
Fermi energy.
In the present work, we focus on tHe=0 K magnetic-
ordered AFA configuration of the system. The experiments
in Refs. 6 and 7 were both performed at room temperature,

i.e., in the paramagneti®M) state(the Néel temperature is

In this expressionn'? is the occupation matrix of the local-
ized 3 electron orbitals on the Mn site U is the effective
Coulomb interaction between the localizéelectrons andn
and o are orbital and spin indices, respectively. Within the
ultrasoft pseudopotential scheme, the occupation matfix

reads ~140 K). It should be noted, however, that there is no sig-
. . nificant difference between the experimental structural prop-
n'nfm = kE frn(tie nlS ¢>:n’k>(¢'m,vk|3 e ) (3) erties of the insulating PM and AR-phase at ambient pres-
n

sure (see, e.g., Ref. 19 Furthermore, previous LDA+U
whereSis the overlap operator used to account for the au caleulations. performed for a similar perovskite system:
b op gKCuF3 (see Ref. 2§) indicate that the magnetic ordékF-

mentation chargg, Yin are t_he crystal _pseudo-wave- A, AF-C, AF-D, ferromagnetizhas virtually no influence on
functions (k and n are, respectively, th& point and band . . .
the atomic structure and, in particular, on the Jahn-Teller

indiceg, andf, , are the corresponding occupation numbers.” . )
The orbitals¢'mk are Bloch sums of localized Mnd3atomic distortion. Hence, we expect the Arand PM phases to also

(pseudo orbitals 4! sitting on ionic sites translationally exhibit similar structural trends under pressure. In this con-
equivalent to the an Site: nection, we would like to note that using a fictious nonmag-

netic configuration to model the electronic and structural
1 » properties of the PM phase is known, instead, not to be a
I = k-(R+m7) D - . . . R
Pk = \N% e V(T —R = 7), (4) good approximation for transition-metal oxides and related
compounds$!~?* Indeed, unlike the magnetic-ordered
where the sum runs over the lattice vectd®s,and is the  structure$®?? (and the PM structuré?9, this type of con-
position of the Mn sitel. The quantityE, in Eq. (2), is figuration does not satisfy Hund’s ruié.
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TABLE |. The Wyckoff positions for each ionic specie in the
Pnmastructure of LaMnQ.

Atom Class Coordinates
La, O; 4c (u,1/4 v), (U+1/2,3/4p+1/2)
(u,3/4 ), (U+1/2,1/4p+1/2)
Mn 4a (0, 0,0, (1/2,0,1/2
(0,1/2,0,(1/2,1/2,1/2
0, 8d +(x,y,2)

+(x,y,2)+(1/2,0,1/2
i(zyi?)+(ovl/210
*(x,y,2+(1/2,1/2,1/2

FIG. 1. (Color onling Crystal structure of LaMn@with the
Pnma symmetry. The unit cellleft) and the projection of the . . ) i
atomic structure in thec plane(right) are displayed. The oxygen © kbar. This corresponds to errors in both the atomic posi-
ions of the basal plane of the octahedron are labeled a¢s€  tions and lattice parameters of about two parts per thousands.
Table | with the Wyckoff positions they are characterized by two A third-order Birch-Murnaghan equation of state has been
different O-Mn bond lengthglong (1) and short(s)]. The oxygen  used to evaluate the equilibrium volume, the bulk modulus
O, ions, instead, are characterized by two identical O-Mn bondBg, and its first pressure derivati& . Within this approach

lengths[medium(m)]. we control the volume, whereas the pressure for each value
of the volume is evaluate@ posteriori using the Birch-
lll. STRUCTURAL PROPERTIES OF LaMnO 3 Murnaghan equation fit to the curve of the total energies as a

A. Introductory remarks function of volume.

At ambient condition, LaMn@ has the GdFe@like
orthorombic structure witfPnmasymmetry(see Ref. 26 for
the experimental structural paramejeta Fig. 1, the atomic We discuss now the results of the optimization of the
structure of this material is illustrated: it contains a networkPnmastructure at zero pressure. In Table Il, we present some
of corner sharing Mn@octahedra. This structure can be ob- geometrical parameters characterizing the relaxed internal
tained from the standard cubic perovskite structure by twastructure obtained both within the LDA+U and within the
subsequent rotations of the Mgoctahedra, namelyi) LDA, using the experimental values of the lattice parameters
around thé axis and(ii) around thea axis of the finalPnma  at ambient pressurghe corresponding Wyckoff atomic po-
orthorombic cell. It is worth noticing that considering only sitions are reported in Table }IIThe results are compared to
the latter rotation and neglecting the Jahn-Teller distortiorexperiment and previous calculations. Both LDA+U and
(see later the distorted structure would have the orthorhom-LDA give a stable JT distortion, confirming the outcome of
bic Imma symmetry. The Mn@ octahedra in LaMn@are  previous internal atomic relaxation calculatidngithin the
cooperatively distorted due to the Jahn-Teller instability ofLDA+U (LDA) the calculated relaxed bond lengths for the
the Mr** ions. Using, for the sake of simplicity, an atomic- three inequivalent MA-O bonds are 2.172.16), 1.97
like picture, every Mi* ion is in a high spird® configuration  (1.96), and 1.931.92 A, compared to 2.18, 1.96, and
with three electrons occupying the thrigg orbitals and one  1.90 A in the experiment. The values of t@g and Q5 nor-
electron in arg, orbital. The cooperative Jahn-Teller distor- mal modes of the JT distortiofsee Table 1l for their defini-
tion releases the degeneracyegforbitals, that would origi-  tion) do not differ from the experimental one by more than
nate from the local cubic environment of the Mn ion, and17%. The ionic relaxation carried out with LDA+U provides
leads to different Mn-O bond lengths. TRex=u-1/2) and  a slightly better value foQ, with respect to LDA, but wors-
2(z=v) Wyckoff coordinates of the lanthanum atorfsee ens somewhat the value Q. We notice also that the tilting
Table | with the Wyckoff positions and Table Il with their of the octahedra is relatively well reproduced, even though
experimental values at zero presguaee different from zero: the LDA+U gives slightly smaller angles, i.e., a slightly
this off-center shift is related to the tilting of the oxygen more tilted structure. This trend is found also in the structure
octahedra, and allows the La atoms to become more nearlynder pressure. We note that the equilibrium internal atomic
equidistant from the neighboring oxygen atofh3he struc-  structure obtained in the present work is in better general
tural optimization needed to determine the optimal latticeagreement with experiment than found in previous work.
parameters and the behavior of the material under hydrofhe differences are most likely due to differences in the
static pressure has been carried out taking several differepseudopotentials generation. We found, for example, that the
unit-cell volumesV, and for each volume optimizing the val- production of the pseudopotential for lanthanum deserves
ues ofa/b andc/b with fully relaxed internal atomic struc- particular care. In addition to the Lad5and & states, we
tures. For eacl, a/b, andc/b, the calculated forces on the found that it is important to treat also the semicopestates
atoms do not exceed 1DRy/a.u., and the stress matrix is as valence states in order to properly describe the tilting of
diagonal and has identical diagonal elements to withirthe octahedra in the relaxed structéft&Ve note that, consis-

B. Properties at P=0 and equation of state
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TABLE II. Data for the internal atomic structure d?Pnma
LaMnO; obtained using the experimental equilibrium lattice param-
eters(Ref. 26 a=5.742 A,b=7.668 A,c=5.532 A. The values of
some important geometrical parameters characterizing the internal
geometry are reported. The three inequivalent Mn-O distances are
labeled: |, s, m for long, short, and medium, respectively. The
angles#; and 6, stand for the Mn-@-Mn and Mn-Q -Mn angles,
respectively. The local modes characterizing the cooperative Jahn- 0.7
Teller effect in LaMnQ are Q2=2(I—s)/\s“5 and Q;=2(2m-|
—s)/\fg; the numbers in parentheses indicate the deviation with re-

spect to the experimental value.

Mn-O Mn-O-Mn Q. Qs

A ®) A) A)
Experiment (1)2.184 (6,)154.3 0.398 -0.142

(m)1.957 (6,)156.7

(5)1.903

(1)2.156 (6,)155.5 0.328-17%)

(M)1.961 (6,)155.5
(5)1.923

(1)2.099 (6,)157.0 0.189-53%)

(m)1.956 (6,)157.0
(9)1.966

(1)2.168 (6,)153.5 0.341-14%)

(m)1.974 (6,)152.2
(9)1.927

()2.110 (6,)158.0 0.221-44%)

(M)1.956 (6,)157.0
()1.954

-0.12710%)

-0.12413%)

-0.12q15%)

-0.12413%)

bFrom Ref. 8.
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FIG. 2. Volume ratioV/Vy vs pressure for LaMn@ Circles are
the experimental data taken from Labal. (Ref. 6). The continuous
line and the dashed line are the theoretical curves forRthma
phase where, respectively, the volumes have been normalized to the

zero-pressure experimental and theoretical volume.

tent with previous work?® we find a small band gap within

the LDA, when the experimental equilibrium structural pa-
rameters are used. However, as soon as the atomic structure
is relaxed, the system becomes metallic and the JT distortion
significantly decreases within the LD®.Within the LDA

+U, instead, the gap remains open, both with the experimen-
tal and theoretical equilibrium structural parameters.

The values of the LaMn@equilibrium structural param-
eters obtained within the LDA+U are displayed in the Table
Il together with the experimental values. We also reported in
this table the LDA+U values of the internal structural pa-
rameters calculated using the experimental lattice param-
eters, for comparison. The theoretical lattice parameters
agree to within~1% with the measured values. The full
structural optimization leads to internal structural parameters
which compare also quite well to experiment.

Let us now consider the calculated parameters of the

equation of state. We report, in Fig. 2, the variation of the
TABLE lIl. The Wyckoff positions for the experimental cell and for the theoretical equilibrium cell of

PnmalLaMnOs.

lon u X y z
Expt2
a=5.742 A,b=7.668 A,c=5.532 A

La 0.549 0.010

0O, -0.014 -0.070

0, 0.309 0.039 0.224
LDA+U, expt. cell

La 0.553 0.010

0O, -0.015 -0.074

0, 0.303 0.039 0.224
LDA+U, optimized cell
a=5.675 A,b=7.608 A,c=5.50 A

La 0.549 0.009

0O, -0.012 -0.081

0, 0.301 0.042 0.223

3From Ref. 26.
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TABLE IV. Equation-of-state parameters for tRemaphase of 22 T T T T T T T
LaMnOs. The theoretical parameters have been obtained fitting the 215 SaioAw |
Birch-Murnaghan equation to the total energy values obtained for 4-$LDasU
the various volumes considered. 21 Q o ]
€205 -
Vo Bo g , ]
(A%) (GPA) B §
£1.95] :
Experiment a 104 9.5 © 19 1
b 24411 108 8.5 g
c 245.05 1.85 ]
Theory LDA+U 237.46 133.0 6.1 L5520 " 25 30 35 40 45 50
Pressure (GPa)
3From Ref. 7.
PFrom Ref. 6. FIG. 4. Mn-O distances of the Mnctahedra in LaMn@as a
From Ref. 5. function of the hydrostatic pressure. Open symbols are the experi-

mental data from Lot al. (Ref. 6 filled symbols are thab initio

volume with applied hydrostatic pressure of flemaphase. results for thePnmaphase. Squares, circles, and diamonds refer,
The theoretical curve agrees rather well with the experimentéspectively, to the londl) short (s), and medium(m) Mn-O

tal data. The LDA+U slightly underestimatésy 2.5% the  distances.

equilibrium volume (see Table 1V; the theoretical bulk
modulusBy is 133 GPa, i.e., within 28% of the experimental
value obtained in Ref. 7 and within 23% of the one reporte
in Ref. 6. We are not aware of previoab initio evaluation
of By for LaMnQOs; but for other strongly correlate
system&! the LDA+U performs better than the LDA esti-
mating it.

tally, LaMnO; has been reportédo transform to a new
hase at-15 GPa. In Fig. 4, we illustrate the pressure be-
avior obtained for the Mn-O distances and compare it to
d that derived from x-ray crystallography studies for pressures
below 15 GPa(Pnma structurg. Although the data are
somewhat scattered, the reduction of the MihOand
MnO(m) bond lengths and the decrease in amplitude of the
JT distortion are quite clear. The theoretical curves describe
well these trends. The curve for the M@ bond, closely
Now we turn our attention to the structural properties ofreproduces the corresponding experimental values. Based on
LaMnO; under pressure. In Fig. 3, the relative changes, unthe experimental data in Fig. 4 the decrease in length of the
der pressure, in the lattice parametersc, andb/\2 are  MnO(l) bond is quite striking, but it is harder to assess
presented. For each pressure reported, both the theoretiGghether the Mn@s) bond is increasing or decreasing under
LDA+U and the experimental values of the cell-shape ratiogyressure. The static LDA+U calculations predict a slight de-
ala, c¢/a, and(b/v2)/a; are shown using, respectively, as a crease under pressure also for the MgCbond. This is in
reference the lattice parametey of the ideal cubic perov- agreement with the results of the refinement analysis carried
skite that has the same volume. The calculated curves reprgut in the neutron diffraction stulyfor pressure up to
duce rather well the experimental trends at low pressure, i.e7 GPa. The theoretical curve for the Mf®Dbond length
below ~15 GPa. At higher pressures, the differences withjescribes well the experimental data below 15 GPa. We note,
respect to experiment become more significant; experimerowever, that contrary to the proposed experimental extrapo-

C. Structural properties as a function of pressure

LA B B L B B BN B BN BN 170 LML L L L L
1.06 seinaw| - 168 - .
cla, S LDA+U = 3 1
Q exp. 166 0, ]
1.04 s | A

g 8 164 - ° ]

B N4 - ®
£ 1.02 . 8162 o ® .
[ r [ ] b
& g 160 | o .
= ] L ]
< ! o S8 o ]
OO <o ' ]
@] 0.98 o O RS | ol 156 S.. . . .
\ E 154 T g - ssemgg " ® n
0.96 N2y, 1 152 9, ]

PR (NN SN [T SR NN S NN SO NN U T SR NS N T ] 150 PR I [N N T [T N S N T N R R

0 5 10 15 20 25 30 35 40 45 S0 0 5 10 15 20 25 30 35 40 45 50

Pressure (GPa) Pressure (GPa)

FIG. 3. Cell-shape ratiog/a., c/a, and(b/\e“‘i)/ac as a func- FIG. 5. Amplitude (in degrees of the Mn-0O,-Mn angle 6;

tion of pressure for LaMn@) a. is the lattice parameter of the ideal (circle) and of the Mn-Q-Mn angle 6, (squaresas a function of
cubic perovskite cell with the same volume per formula unit. Openpressure. The star and the cross marker®=a0 are the values
symbols are the experimental data taken from kebal. (Ref. 6), respectively off; and 6, observed at ambient pressure in the ex-
filled symbols are theb initio results for thePnmaphase. perimental structure.
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W 7T 7T T T T T T 25 T T T T T
0.06 C La g - ] I Relative Energy: E - E,
4 005§ s oAy 20+ 1
g o ] |
£o004to s - 7 4
2 L Soe 1 € 15 .
So0| 50! i >
Eo02| & ] &
E i o ° 1 w 10 _
S 001 - <
0 I ° ° o o ]
[ & 5 4
» a n 8 J
oopesrm®® -
_0.02 PR [N Y AN TR [N W ST S NS T TR N SN NS N 0 ) 1 N | N - .
0 5 10 15 20 25 30 35 40 45 50
Pressies (G 0 10 20 30 40 50

Pressure (GPa)

FIG. 6. x (circley andz (squarescoordinates of La in LaMn© . . .
as a function of pressure. Filled symbols refer to the theoretical FIG. 7. Behavior with pressure of the differens& between E,

results, open symbols refer to the experimental results of Ref. 6. energy of the type JT, and f, energy of the typetJT.

lation from data taken below 11 GPaur calculations indi- the Pnmaphase is consistent with the experimental trend,
cate a nonlinear behavior of the MA@ bond length in the although the pressure at which Laanishes is somewhat
Pnmaphase under pressure, and a nonvanishing JT distohigher in the calculatiof17—-20 GPathan observed experi-
tion well above 18 GPa. mentally (12—-15 GPa We note that above 15 GPa, the
In Fig. 5, we report the changes of the anglgsand 6,,  x-ray structural refinements postulating lanmaphase yield
i.e., respectively the Mn-©Mn and Mn-Q-Mn angles. La,=0 (see Ref. ), which is also what we obtain for the
These angles are related to the tilting of the Mm®©tahedra: Pnmastructure at high pressufe-20 GPa. The calculated
their changes reflect the rotations of the octahedra undercoordinate of La agrees well with the experimental data at
pressures. The value @ increases by just of few degrees low pressure(up to 12 GPg at higher pressures, Las
up to ~7 GPa and then remains almost constant, whijle found to smoothly go to zero in the continuation of fiema
increases steadily up te15 GPa. These changes lead to aphase.
configuration in which the octahedra are not tilted anymore Although thePnmastructure has been reported to trans-
about they axis, and only the tilting about theaxis remains form to a different phase above 15 GPa, it is interesting to
(see Fig. 8. examine the high-pressure evolution of this structure in order
The changes in the andz coordinates of Lgthat we will  to understand the possible origin of its loss of stability. In
refer to as Laand Lg, respectively under pressure are re- Fig. 8, we show the atomic structure we obtain for Brema
ported in Fig. 6. The decrease in the tilting of the oxygenphase at 40 GPa. The tilting of the O octahedra aboubthe
octahedra about thle axis is accompanied by a decrease inaxis has disappeared and the La cations exhibit a simple
the Lg, coordinate(x shift) to preserve the La-O distances. orthorombic packing with no La La, off-center shift(see
The decrease in Lawith increasing pressure that we find for also Fig. 1 for comparison Such features are expected to

FIG. 8. (Color onling Atomic structure of the LaMn@Pnmaphase at high pressure. The projection in lbhe plane(left) and in the
a, ¢ plane(right) of the relaxed atomic structure Bt=40 GPa are displayed. Compared to the experimental structie @{Fig. 1), the
off-center displacements of the lanthanum atoms vanish and the tilting of the oxygen octahedra arduaxigtdisappears in thenma
phase at high-pressure.
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derive from the increasing ionic character of the interactions
at high pressure. The disappearance of the La off-center shift
at pressures close to the experimental transition pregsure
~15 GPa is a feature which is observed both in our calcu-
lations and experimentally. We suggest that this feature may
trigger the transformation observed experimentally. Indeed,
previous theoretical work by Mizokawet al3? has shown
that, at ambient pressure, the La shift is essential to stabilize
the typed polytype structure of LaMn@(the experimental
low-pressure structure of LaMn®with respect to the type-

a polytype (found in other JT distorted perovskite systems
We have therefore investigated the relative stability of the
typea versus typed (JT distorted structures of LaMn@
which differ in the stacking of the MnO planes along tine
axis3?

In Fig. 7, we show the dependence with pressure of the
difference between the energies of the two JT distorted poly-
types. Below 15 GPa, the tymk-structure is significantly
more stable than the type-structure. However, above
15 GPa, when the La shift vanishes, the two structures are
found to be essentially degenerate in energiE
=<1 meV/f.u), within the accuracy of the LDA+U calcula-
tions. These results suggest that the disappearance of the La
shift experimentally. Based on these results, we also suggest
that the new phase may include a mixture of typaad type-

d stacking of the MnO planes. The resulting loss of the in-
phase JT distortions of the O octahedra alonghtlagis may
indeed be viewed, when averaging over the JT distorted sites
along theb axis, as a globallyin averagg vanishing JT
distortion. This may explain the better fit to the high-pressure
data, obtained in Ref. 7, postulating Bnma structure. Fi-
nally, we would like to mention, in this connection, that we
have also carried out structural optimization starting from the
structural parameters derived from the x-ray refinements for
anlmmastructure in Ref. {at 16 GP& In our calculations,
however, this structure is metallic and unstable at pressures
below ~45 GPa, i.e., when symmetry constraints are re-
moved it relaxes towards thenmastructure. We note that
when the JT distortion is artificially switched off in the
Pnmaphase(to produce thdmmastructure, see Sec. IIHA

pressures(~45 GPa when the Pnma structure itself be-

comes metalligsee next sectionthat we find its JT distor-
tion to vanish, and recover tHenma(metallic) phase.

D. Electronic structure
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FIG. 9. Calculated DOS of LaMngat selected pressures. Go-
the system becomes metallic. It is actualy only at higheling from the top to bottom panel, the DOS refers to structures with
increasing pressure3=6, 31, 41 GPa. The valence band edge in
panels(a) and (b), and the Fermi level in panét), respectively,
have been chosen to be the zero of the energy scale.

bands3*3° giving rise to the DOS structure with three main
peaks between -1.5 and -8 eV in Figap We note that
Pnma LaMnO; at three different pressure®=6, 31, compared to the measured photoemission speéfruhe

41 GPa. The DOS we obtain at low press(8eGPa differs  agreement of our calculated LDA+U valence DOS is as
somewhat from previous calculated DOS obtained within theyood as—if not better than—that of previous calculated
LDA/GGA using the experimental structural parameters at DA valence DOSSS At P~6 GPa, the calculated band gap
ambient pressurg?®33For the occupied states, the changesis ~0.30 eV. Under pressure, due to the broadening of the
concern mainly the DOS structure between —-1.5 and -8 eVhands, the gap decreases, and reaches a value of 0.05 eV at
In the LDA/GGA calculations, this structure is split into a 31 GPa[Fig. Ab)]. At 41 GPa, the system is clearly metallic
high-energy featurg-2.5 to —1.5 eV, containing mostly [Fig. 9(c)]. We note that the actual insulator-metal transition
Mn t,, states, and a low-energy structure7 to —2.5 eV, of the experimental high-pressure phase occurs3 GPa,
with mainly O,, states. Within the LDA+U approach, the which is not dramatically different from the transition pres-
t,, states are shifted at lower energy, within the, O sure we obtain for th&nmainsulator-metal transition.

In Fig. 9, we report the total density of statd30S) of
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IV. FINAL REMARKS AND CONCLUSIONS tigated the relative stability of the typeversus typed struc-
tures under pressure. We find that the stability of the type-
Structure, relative to the typa-structure, decreases under
the structural and electronic properties of fremaphase of pressure, and that the two configurations become essentially

LaMnO; under hydrostatic pressure conditions. At ambientd€generate in energywithin the accuracy of the LDA+U

pressure, the LDA/GGA fails to correctly predict the insulat-¢@lculations when the La displacement disappears above

cantly underestimates its JT distortion, when full structural-2 shift may be a key element in driving the structural tran-
optimization is performed. The LDA+U corrects such fea-Sition reported at~15 GPa, and that the new phase may
tures and describes well the complex structural changes dfclude a mixture of typex and typed stacking of the MnO
the Pnmaphase under hydrostatic pressure. In particular, th@tomic planes. To further address the issue of the high-
relative changes in tha, b, andc lattice parameters are in Pressure phase, however, we note that it may be important to
good general agreement with experiments. We find that th@lSo take into account dynamical effectscluding dynami-
off-center displacement of the La atoms, present at low prestal correlations, which are beyond the LDA¥.U
sure in thePnmastructure, vanishes at a pressure close to
that observed expgrlmental_(yb15_GPa. This change is re- ACKNOWLEDGMENTS
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