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Hybrid-exchange density functional theory calculations are carried out to determine the effects of A-site
doping on the electronic and magnetic properties of the manganite series La; ,Ca,MnO;. This study focuses
on the ground state of an ordered Ca occupancy in a periodic structure. It is shown that the hybrid-exchange
functional, Becke three-parameter Lee-Yang-Parr (B3LYP), provides an accurate and consistent description of
the electronic structure for LaMnQOj;, CaMnOj3, and Laj 75Cag 2sMnQO3. We have quantified the relevant structural,
magnetic, and electronic energy contributions to the stability of the doped compound. An insight into the exchange
coupling mechanism for the low hole density region of the phase diagram, where a polaron (anti-Jahn-Teller)
forms, is also provided. This study completes a microscopic description of the lightly doped insulator with an
antiferromagnetic-to-ferromagnetic and metal-to-insulator transition.
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I. INTRODUCTION

Since the discovery of the metal-insulator transition in
manganites over 50 years ago [1], great efforts have been
devoted to understanding their properties. Manganites with
a general formula R(.,)A;MnOs3 (R being rare earth and
A earth alkaline elements) are perovskite structured oxides,
which display a range of interesting phenomena, such as
high-temperature superconductivity [2,3], colossal magne-
toresistance (CMR) [4-6], and the magnetocaloric effect
(MCE) [7-9]. Such properties are strongly dependent on the
doping concentration x as well as on external variables, such
as temperature, pressure, and electric and/or magnetic fields.
The rich diversity in crystallographic, magnetic, and electronic
phases [10-12] displayed by manganites is primarily attributed
to a strong interplay between spin, charge, orbital, and lattice
degrees of freedom. As a consequence of the effects of strong
electron correlation, a complete microscopic understanding of
the physics underlying the properties of manganites has not
yet been achieved.

Experimental studies on manganites doped with divalent
earth alkaline elements, such as Ca, Ba, and Sr, have been the
subject of intense study since the discovery of CMR [6,13].
In particular, the La; ,Ca,MnO; series undergoes a phase
transition from a low-temperature ferromagnetic metallic
(FM-M) to a high-temperature paramagnetic insulating (PM-I)
phase for 0.2 < x < 0.5 [14]. The crystal structure below
the Curie temperature 7¢ for the FM-M phase is orthorhom-
bic [15,16]. The T¢ has been obtained experimentally from the
temperature dependence of the resistivity (using the four-probe
method [17-21]) and magnetization measurements (using a su-
perconducting quantum interference device [13,18,19,21-23]
and the vibrating sample magnetometer [17,20,24,25]). It
depends strongly on x and also the preparation conditions
(and resultant crystallinity) of the samples. When considering
the 0.2 < x < 0.5 doping range, T¢c at x = 0.2 has been found
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to be 176 K [9,15] and 230 K [9,24] for single crystal and
polycrystalline samples, respectively, while at x = 0.45 for
a polycrystalline sample, Tc is 238 K [9,24]. The x =1/3
composition has received considerable attention, because for
this material 7 is maximized with a value in the range
252-267 K [9,24].

Early attempts to explain the electronic structure and mag-
netic properties of mixed-valency manganites were made by
Zener [26,27], who proposed that the low-temperature FM-M
phase for the La;_,Ca, MnOs series is attributed to the double-
exchange (DE) mechanism. Zener’s DE model involves spin
coupling between Mn®T and Mn** next-nearest-neighbor
ions with the conduction electrons mediating the interaction.
However, the DE model yields a T¢ higher, by an order of mag-
nitude, than that determined experimentally [5,28]. It has been
proposed [28,29] that this discrepancy is due to the neglect
of electron-lattice interactions in the DE model. The effective
Debye-Waller factors of Mn-O pairs and the pair distribution
function of local bond lengths [determined experimentally
using extended x-ray fine absorption structure (EXAFS) and
neutron powder-diffraction data] indicate distortions of the
MnOg octahedron [30-34]. Such experiments support the view
that strong hole-lattice coupling is important. Understanding
the transition from a low-temperature, metallic, magnetically
ordered regime to a high-temperature, polaron-dominated,
and magnetically disordered regime requires a theory capable
of describing the localized electronic state polaron and the
strongly correlated metal. This is a major challenge for the
theory of electronic structure in condensed matter.

When considering a single phase, the majority of quantum
mechanical simulations performed on the La;,Ca,MnOj3
manganite series have been for the x =1/2 composi-
tion [18,35,36] and the parent, LaMnOs (see Ref. [37] and
references therein for a systematic review). In particular, band
calculations have been carried out within the local density
approximation (LDA) of density functional theory (DFT).
This approximation, however, fails to describe the LaMnOj3
insulating cubic phase, since it excessively delocalizes the
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electron density [38]. The LDA also underestimates the band
gap for the orthorhombic phase [39] and a qualitatively correct
description of the orbitally ordered ground state is difficult
to obtain [40]. Further studies based on the generalized
gradient approximation (GGA) of the exchange correlation
fail to predict the correct magnetic ground state [41,42].
The band structure and insulating character of LaMnO3 are
described correctly through the use of the Hartree-Fock (HF)
method in its spin polarized [unrestricted Hartree-Fock (UHF)]
implementation [43-45]. However, the band gap is signifi-
cantly overestimated due to the neglect of electron correlation.
Moreover, physical properties such as the exchange constants
are underestimated [44].

Other first principles studies [46,47], for the end members,
have focused on the LDA+U method. This approach treats the
on-site Coulomb interactions in a mean-field approximation
using semiempirical parameters and has been implemented
as a correction to the local spin density approximation
(LSDA) [48,49]. Although this method significantly improves
the description of the endpoint compounds, it is not ideal
since the energetics are highly dependent on the choice of
the U parameter. Therefore it is important to go beyond
standard exchange-correlation potentials, which are limited
in describing localized electronic states.

It is worth mentioning that very few first principles studies
have been carried out to investigate other compositions in the
La; ,Ca,MnOsj series. The x = 1/4 and x = 1/3 compounds
have been studied within the LSDA, for a simplified cubic
perovskite structure [39], and the GGA without correction,
for the orthorhombic perovskite structure [50]. However, a
detailed electronic structure calculation, which provides an
insight into the relevant energy scales that contribute to
the stability of manganites, has not yet been carried out.
In order to do so, one has to disentangle and quantify the
competing interactions. In this paper, we analyze such energy
contributions, as well as the effects of doping, concentrating
mainly on the low-temperature (T = 0 K) properties and on
the nature of the (meta)stable state(s) in an ordered Ca
distribution model. The hybrid-exchange density functional,
Becke three-parameter Lee-Yang-Parr (B3LYP), has been
adopted, since transition metal oxide systems are characterized
by a strong interplay between the electronic and geomet-
rical structure. It is well documented that this functional
provides a more qualitatively correct description of the elec-
tronic structure of localized and strongly correlated systems
[45,51-60].

We present a theoretical investigation on the structural,
electronic, and magnetic properties of the manganite series
La;.,Ca,MnOs, using hybrid-exchange DFT calculations. As
a first step towards predicting the effects of doping, the ordered
endpoint compounds have been studied as references for the
doped composition. This provides a basis for validation of
the theory and numerical approximations. The correlation
between conductivity and magnetism is a fundamental feature
of manganites. Therefore, the nearest-neighbor superexchange
coupling constants have also been calculated by adopting the
broken symmetry Kohn-Sham approach [61,62].

The paper is organized as follows: In Sec. II the compu-
tational details are provided and the results are presented in
Sec. III. The discussion begins with the optimized geometries
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of the endpoint compounds, LaMnO3 and CaMnOs, followed
by an analysis of the electronic structures. The focus of the
discussion is the effect of Ca doping for x = 1/4 on the
structural, magnetic, and electronic properties. Conclusions
are drawn in Sec. I'V.

II. COMPUTATIONAL DETAILS

All the calculations have been performed using CRYS-
TAL09 [63], a code based on the expansion of the crystalline
orbitals as a linear combination of a local basis set (BS)
consisting of atom centered Gaussian orbitals. The Mn, O, and
Ca ions are described by a triple valence all-electron BS: an
86-411d(41) contraction (one s, four sp, and two d shells), an
8-411d(1) contraction (one s, three sp, and one d shells), and
an 8-65111(21) contraction (one s, three sp, and two d shells),
respectively; the most diffuse sp(d) exponents are oM" =
0.4986(0.249), «® = 0.1843(0.6), and «®® = 0.295(0.2891)
bohr~2. The La basis set includes a relativistic pseudopotential
to describe the core electrons, while the valence part consists
of a411p(411)d(311) contraction scheme (with three s, three
P, and three d shells); the most diffuse exponent is o =0.15
bohr~2 for each s, p, and d [45].

Electron exchange and correlation are approximated using
the B3LYP hybrid-exchange functional, which, as noted

(a) LaMnOs3

(¢) LaMnO3 (MnOg octahedra)

(d) Lag.75Cag.25MnO3

FIG. 1. (Color online) Crystallographic cells at the geometries
indicated in Tables I and III for the ground state parent and doped
compounds, where b is the longest lattice vector. Large (gray),
medium (red), and small (black) spheres correspond to the La, O,
and Mn atoms, respectively, in (a); the additional atom (yellow) in
(b) and (c) is the Ca atom.
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above, is expected to be more reliable than LDA or GGA
approaches [51,52]. The exchange and correlation potentials
and energy functional are integrated numerically on an atom
centered grid of points. The integration over radial and angular
coordinates is performed using Gauss-Legendre and Lebedev
schemes, respectively. A pruned grid consisting of 99 radial
points and five subintervals with (146, 302, 590, 1454, 590)
angular points has been used for all calculations (the XXLGRID
option implemented in CRYSTAL09 [63]). This grid converges
the integrated charge density to an accuracy of about x107°
electrons per unit cell. The Coulomb and exchange series
are summed directly and truncated using overlap criteria
with thresholds of 107, 107, 107, 1077, and 10~!* as
described previously [63,64]. Reciprocal space sampling was
performed on a Pack-Monkhorst net with a shrinking factor
IS = 8, which defines 75 symmetry unique k points in the bulk
structure for the endpoint compounds. The self-consistent field
procedure was converged up to a tolerance in the total energy
of AE =1 x 1077 E;, per unit cell. Population analysis of the
charge and spin densities and the projection of the density of
states (DOS) is performed using a Mulliken partitioning.

The cell parameters and the internal coordinates have been
determined by minimization of the total energy within an iter-
ative procedure based on the total energy gradient calculated
analytically with respect to the cell parameters and nuclear
coordinates. Convergence was determined from the root mean
square (rms) and the absolute value of the largest component
of the forces. The thresholds for the maximum and the rms
forces (the maximum and the rms atomic displacements) have
been set to 0.000 45 and 0.000 30 (0.001 80 and 0.0012) in
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atomic units. Geometry optimization was terminated when all
four conditions were satisfied simultaneously.

III. RESULTS

A. Structural, magnetic, and electronic properties of the
endpoint compounds: LaMnQO; and CaMnQ;

The Pnma orthorhombic crystallographic cells for the
endpoint compounds are shown in Figs. 1(a) and 1(b). The
optimized and experimental lattice parameters of the ground
state and metastable magnetic structures are reported in Table I.
The percentage difference between the optimized structure
for the ground state and the corresponding low-temperature
experimental one is also given.

For LaMnOs, the calculated lattice parameters b and ¢
are in good agreement with the experimental values; the
percentage errors are 0.82% and 1.41%, respectively. The
a lattice parameter is overestimated by 4.89%. There is no
experimental certainty for this parameter, since values between
5.472 and 5.748 A are reported [65]. Moreover, LaMnO;
shows oxidative nonstoichiometry, which structurally implies
excess oxygen, or cation vacancies [66,67]. The lattice vectors
are sensitive to the stoichiometry of the sample and decrease
with increasing oxygen content [68,69]. The variation of the
lattice parameters with temperature is not significant, since the
estimated thermal expansion is 0.08% between 9 K and room
temperature (RT).

The optimized cell parameters determined from other
theoretical methods are also shown in Table I. In one case,

TABLE I. Optimized and experimental lattice parameters for the endpoint compounds for various magnetic structures. In the fourth
column, the arrows refer to the spin arrangement of the four Mn atoms shown in Fig. 1. The percentage difference between the ground
state magnetic structure and the corresponding low-temperature experimental one [AFM (A) for LaMnO; and AFM (G) for CaMnOs]
is given in italics. The energy difference with respect to the ground state for each compound AE is also reported in meV per formula

unit.
Compound  Method  Magnetic type Spin ordering a (A) b (A) c (A) \%4 (A3) AE (meV) T(K) Ref
Optimized cell
LaMnOs; B3LYP AFM (O) N 6.055 7.739 5.598 262.3 27.3
B3LYP  AFM (G) M) 6.076 7.713 5.600 262.4 22.7
B3LYP  FM (F) M 5.995 7.758 5.613 261.1 5.1
B3LYP AFM (A) Ml 6.010 7.735 5.614 261.0 0.0
4.89%  0.82% 1.41%  6.74%
UHF AFM (4) MU 5.740 7.754 5.620 249.3 [44]
GGA AFM (A) Ml 5.753 7.721 5.559 246.9 [41]
Experimental cell
AFM (4) MUY 5.699 7.718 5.539 243.6 RT [70]
AFM (A) MY 5.505 7.807 5.544 238.3 190 [71]
AFM (A) M) 5.730 7.672 5.536 2434 9 [69]
Optimized cell
CaMnOs; B3LYP FM (F) M 5.319 7.515 5.328 213.0 31.3
B3LYP AFM (4) Mt 5.298 7.519 5.328 212.2 11.7
B3LYP AFM (O) MUY 5.318 7.495 5.332 212.5 35
B3LYP AFM (G) N 5.302 7.505 5.330 212.1 0.0
049% 0.87% 1.41% 2.73%
Experimental cell
AFM (G) N 5.279 7.448 5.264 207.0 RT [72]
AFM (G) M) 5.276 7.440 5.256 206.3 10 [73]
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TABLE II. Optimized and experimental Mn-O bond lengths for the endpoint compounds, where N is the number of neighbors. The
experimental bond lengths have been calculated based on unit cell dimensions and atomic coordinates determined from neutron powder-
diffraction studies at 9 K [69,72]. The lattice vectors corresponding to the low-temperature structures considered here are given in Table I.

Compound N Optimized Mn-O A) Experimental Mn-O A) % difference
LaMnOs; 2 1.919 1.91 0.47

2 1.986 1.96 1.32

2 2.310 2.18 5.96
CaMnO; 2 1.916 1.90 0.84

2 1.917 1.90 0.89

2 1.919 1.90 0.99

the UHF level of theory is used [44], while the GGA to DFT
is adopted in the other [41]. Although both predict a value of a
close to the upper limit observed experimentally, the GGA and
UHF calculations obtain a FM ground state and fail to predict
the experimental ground state with A-type antiferromagnetic
(A-AFM) ordering [41,42].

The ionic radius mismatch between La®* (1.03 A) and Ca®*
(1.00 ;\) [74] leads to a contraction in all lattice dimensions (a,
b, and ¢) for CaMnOj. The calculated lattice parameters are in
good agreement with the cited low-temperature (10 K) Pnma
experimental phase determined by neutron powder diffraction
and the percentage errors are all within 1% of the experimental
values. In Table I, it can be seen that the estimated thermal
expansion for CaMnQOs is 0.34% for the temperature range
10 K to RT.

LaMnOj; and CaMnOj3 have essentially the same structure:
Each Mn ion is sixfold coordinated with O ions, which form an
octahedral cage around the Mn ion, shown in Fig. 1(c). A first
approximation to the electronic structure of both compounds
is provided by the ionic model. The Mn ions have a formal
charge of 3+ and a 3d* configuration. In the MnOg octahedron
the Mn d orbitals are split into triply degenerate #,, and doubly
degenerate e, manifolds. The e, degeneracy is lifted by a
Jahn-Teller (JT) distortion of the MnQOg octahedra, as is evident
from the Mn-O bond lengths of LaMnOj3, reported in Table II.
There are two long (apical) and two pairs of shorter (equatorial)
Mn-O bond lengths, due to the presence of JT distorted 3+
sites. The two longer equatorial bond lengths are directed
along the b lattice vector. The optimized B3LYP bond lengths
are comparable to the experimental bond lengths, determined
from diffraction studies [75]. For LaMnOs, the apical bond
lengths are overestimated by 6%. Note that these bonds are in
the plane defined by a and ¢ and have a large component along
a. Hence, this discrepancy is related to the overestimated a
lattice vector, for which there is considerable uncertainty in the
measurement.

In CaMnOs;, the Mn ions have a formal charge of 4+
with a 3d* configuration. The Mn-O bond lengths for this
composition are uniform when compared to those of LaMnOs3,
since the octahedra are not JT distorted. There is a good
agreement with the experimental bond lengths obtained from
diffraction studies [69], which are shown in Table II. The
percentage errors are all within 1% of the experimental values.
Therefore, the longer a lattice vector in LaMnOj is primarily
attributed to the cooperative JT distortion, which is not present
in CaMnOs;.

The low-temperature orthorhombic phase of LaMnO; has
an A-type ordering of the spins (see Fig. 2), which consists
of ferromagnetic MnO, planes coupled antiferromagnetically
along the b axis. Here, the F-, C-, and G-type spin con-
figurations are also considered (shown in Fig. 2) and the
energy difference per formula unit (f.u.) AE (meV) at fixed
geometry with respect to the ground state is reported in
Table I. The ground state of CaMnO3 is found to be a G-type
antiferromagnet, where the nearest-neighbor spin moments
are coupled antiferromagnetically along the b axis and in the
ac plane. As seen in Table I, the spin configurations adopted
do not have a significant effect on the lattice parameters of
LaMnO; or CaMnOs.

Figures 3(a) and 3(b) show the total electronic density of
states (DOS) for LaMnOs; and CaMnOs, respectively, with
projections onto the La, Ca, Mn, and O atoms. LaMnOj is
predicted to be an insulator with a fundamental direct band gap
of 3.22 eV, which is larger than the reported experimental value
of 1.1 eV [76,77] from optical measurements. The indirect
band gap of 2.66 eV that can be seen in B3LYP typically
overestimates band gaps in ionic systems due to inadequacy
of the theory and also to the neglect of excitonic binding. This
discrepancy is, however, somewhat larger than expected and

Tadill @i e A
C
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]

FIG. 2. (Color online) The A-, C-, F-, and G-type collinear spin
configurations considered, where the arrows indicate the ordering of
Mn spin moments.

205110-4



HYBRID DENSITY FUNCTIONAL STUDY OF ...

DOS (States/Energy/Cell) DOS (States/Energy/Cell) DOS (States/Energy/Cell)

DOS (States/Energy/Cell)

-0.20

PHYSICAL REVIEW B 89, 205110 (2014)

(a) AFM (A-type) LaMnOs;
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FIG. 3. (Color online) Total density of states with projections on the Ca, La, Mn, and O atoms; the Fermi level is at 0 eV.

may be due to the effects of defects [66—68] on the optical
spectrum. The lower valence band DOS is mainly attributed
to the O 2p and Mn 3d bands, which hybridize, indicating
partial covalency. The O 2p and Mn 3d bands also dominate
the conduction band. The calculated band gap for CaMnO; of

2.35 eV is comparable with the value of 3.1 eV [77] deduced
from frequency dependent optical-conductivity spectra. The
lower valence band DOS isattributed to the O 2p bands and
the conduction band is dominated by O 2p and Mn 3d bands.
The JT-split Mn(3d)e; is depleted at x = 1 and, therefore,
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FIG. 4. (Color online) Energy difference (AE) per formula unit
(f.u.) with respect to the ground state [FM with hole localized at
Ca site (2)] as a function of doping site for both the localized and
delocalized hole solutions in the optimized ground state geometry. In
the case of the delocalized hole solution, site (1) is equivalent to (4),
and (2) to (3) by symmetry.

CaMnO; is also an insulator. Both the A-type AFM LaMnO3
and G-type AFM CaMnOs; ground state phases are used as
reference electronic structures for interpreting the effects of
doping, which are discussed below.

B. Laj75Ca,;MnO; (ordered Ca distribution)

The distribution of Ca in La;_,Ca,MnO3; at x = 0.25 is
substitutionally disordered, since neutron diffraction data have
been fitted with structure factors based on a partial occupation
of Ca sites [16]. The disordered structure of Lag 75Cag 25sMnQOj3
has been approximated by an ordered Ca distribution [see
Fig. 1(b)], where a La atom has been replaced by a Ca atom
in the unit cell of LaMnO5. Within an ionic model, the hole
concentration for Lag75CagsMnO;3 is 1/4. The doped hole
(one per unit cell) could delocalize in the O 2p band or
localize on an O site. Alternatively, a solution in which the
hole delocalizes in the Mn bands, or localizes on a particular
Mn, is also possible. Based on the DOS, the upper valence
band is a mixture of O and Mn states. The ground state is not
clear a priori, even in a rigid band model.

In general, by varying the initial density matrix, it is possible
to converge various solutions in strongly correlated systems.
Here, the calculations with a delocalized hole in the O 2p
band do not converge to a stable solution. Hence, the electronic
structures and energetics of the following two stable solutions
that were found are compared: (1) the localization of the
hole on a particular Mn ion with a consequent change in the
oxidation state (from Mn>* to Mn**) and (2) the delocalization
of the hole over two Mn ions.

PHYSICAL REVIEW B 89, 205110 (2014)
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FIG. 5. (Color online) Energy difference (AE) per formula unit
(f.u.), with respect to the localized and delocalized hole solutions
at the optimized ground state geometry, as a function of the spin
configurations (types F, A, C, G).

A local distortion of the lattice is expected due to the
difference in ionic radii between La™ (1.032 A) and Ca®*
(1.000 10%) [74], as well as the difference between Mn’t
(0.645 A) and Mn** (0.530 A) [74]. The latter is larger and is
attributed to the localization of the hole on a particular Mn and
the consequent formation of an anti-JT polaron, in which the
degenerate e, orbital is not occupied. This is direct evidence
of a very strong charge-lattice interaction. Consequently, the
symmetry between the La sites is removed and there is a
dependence of the energetics on the dopant site, in addition
to the localization versus delocalization of the hole (shown
in Fig. 4). In the predicted ground state, a hole localizes
on a particular Mn. If one considers a conductivity model,
where a localized hole is thermally activated to a conducting
state over an energy barrier (also referred to as the hopping
barrier herein), then a A Ehopping 0f 46 meV (per formula
unit) is required to delocalize the hole with respect to the
localized ground state. This is much larger than the energy
variation with the site of the dopant (order of 6-12 meV), as
can be seen in Fig. 4. The Ca-Mn bond distances are longer
for the energetically more favorable states [Ca sites (2) and
(3)] when compared to the metastable states [Ca sites (1)
and (4)]. This is consistent with a simple electrostatic picture
in which the Ca ion and hole repel each other. The change
in energy AFE for spin configuration types F, A, C, and G
[for the most stable doping site, Ca site (2)] is also shown
in Fig. 5. The ferromagnetic spin configuration is found to
be the ground state for both the localized and delocalized
hole solutions.

TABLE III. Optimized and experimental [16] lattice parameters for the orthorhombic (O) and monoclinic (M) structures of the doped
compound. The percentage difference between the calculated ground state structure and the corresponding experimental one is given in italics.
D and L correspond to the delocalized and localized hole solutions, respectively.

AE (meV) Structure a(Ad) b (A) c(A) o (deg) B (deg) ¥ (deg) V(A%

D 65.8 10) 5.652 7.791 5.556 90.0 90.0 90.0 2447

D 45.8 M 5.635 7.812 5.569 90.0 87.8 90.0 244.8

L 5.56 10) 5.631 7.843 5.548 90.0 90.0 90.0 245.0

L 0.00 M 5.622 7.842 5.559 90.3 89.4 90.0 245.1

Expt 10) 5.470 7.734 5.489 90.0 90.0 90.0 232.2
2.70% 1.38% 1.26%
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TABLE IV. Optimized Mn-O bond lengths for the

Lag 75Cag25sMnQO;3 unit cell in the FM-1 and FM-M states.

Mn Mn-O bond length Mn-O bond length
atom (A) metal (A) insulator
1 1.933 1.885
1.954 1.903
1.954 2.043
2.018 2.114
2172 2.125
2.209 2.146
2 1.914 1.907
1.929 1.919
1.967 2.042
2.006 2.091
2.026 2.103
2.027 2.122
3 1.914 1.914
1.929 1.928
1.967 1.939
2.006 1.940
2.026 1.962
2.027 1.973
4 1.933 1.880
1.954 1.938
1.954 2.047
2.018 2.071
2.172 2.114
2.209 2.141

The lattice parameters for the ground state (FM with a
localized hole), metastable state (delocalized hole), and the
experimental geometry are given in Table III. It is evident
that there is deviation from the orthorhombic symmetry,
particularly the 8 angle value (see Table III). This is attributed
to the ordered distribution of Ca implied in the simulation,
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which leads to a cooperative distortion in a periodic structure
when compared to the disordered distribution in the observed
material. The delocalized and localized hole solutions for
the Pnma orthorhombic structure are considered (o, 8, and
y are 90°), and are also shown in Table III. The energy
difference between the monoclinic and orthorhombic localized
hole solutions is of the order of 6 meV. This is an approximation
to the energy scale required to alter the Ca distribution, which
suggests that at RT a disordered distribution is expected, as
observed experimentally [16].

A distortion of the geometry occurs when the hole localizes.
This is evident from the Mn-O nearest-neighbor bond lengths
in Table IV. In the insulating state, it can be seen that the JT
distortion of the MnOg octahedron associated with Mn(3) is
lifted, since the bond lengths are more homogeneous when
compared to those of the Mn(1), Mn(2), and Mn(4) centered
octahedra in the unit cell. This is attributed to the localized
hole, which induces an antipolaronic distortion. In particular,
this observation is in agreement with neutron diffraction
experiments, where the local JT distortion in the insulating
phase for LaMnQj decreases continuously with increasing Ca
content [78]. To understand the distortions mentioned above,
the spin moment of the Mn atoms is indicated in Table V.
In the localized case there are four inequivalent Mn atoms,
the number of possible spin configurations is larger than
the delocalized case where two Mn atoms are inequivalent.
The average magnetic moment for the delocalized case is
3.7up/Mn. This is in good agreement with the experimental
ferromagnetic moment of 3.4 5/Mn [79].

The magnetic phases for LaMnO3 and Laj75Cag25sMnOs3
with corresponding spin density plots are shown in Fig. 6. It
can be seen that the magnetic coupling switches from antifer-
romagnetic (LaMnQj3) to ferromagnetic (Lag 75Cag25sMnO3).
Polarization of the O 2p orbitals by the Mn 3d is evident,
and this is expected to affect the superexchange coupling
mechanism. The computed magnetic coupling constant J
between Mn ions can be analyzed in terms of a simple
superexchange model. J, which is positive for FM and

TABLE V. Relative energies of various spin configurations per formula unit (f.u.) with respect to the ground state in the delocalized and
localized hole optimized geometries. The total spin and Mn spin moments are also shown.

Geometry Spin configuration AE/fu. (meV) Total spin Mn(1) (up) Mn(2) (up) Mn(3) (up) Mn(4) (up)

Delocalized M1t 0.0 15.0 3.86 3.52 3.52 3.86
I 45.0 7.00 -3.73 3.36 3.55 3.82
Mt 67.3 1.00 3.77 —-3.40 —3.40 3.77
ML 73.8 0.00 3.87 341 —3.45 —3.88
Mt 102.5 7.00 3.73 —-3.63 3.12 3.82
MM 130.4 —1.00 3.73 —3.68 2.81 -3.75

Localized Mt 0.0 15.0 3.82 3.81 3.15 3.80
ML 19.7 1.00 3.83 3.82 -3.05 -3.71
Ml 34.3 7.00 3.82 3.81 2.94 —3.73
ML 34.8 —7.00 3.74 —-3.73 -3.14 -3.71
M 35.0 9.00 3.82 3.81 —2.82 3.82
AR 36.2 7.00 3.73 —-3.74 3.05 3.80
Mt 50.4 1.00 3.73 —-3.73 —2.94 3.82
MM 71.3 —1.00 3.74 —-3.74 2.83 —-3.73
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(a) LaMnO; A-AFM

(b) La0_75Ca0_25Mn03 FM

FIG. 6. (Color online) Isovalue surfaces of the calculated spin
density for (a) LaMnOj3 and (b) Lag75Cag25MnO;3. The spin isosur-
face values are as follows: Green is 0.005 (spin up) and blue is —0.005
(spin down); in units of |e|/bohr.

negative for AFM interactions, has been obtained from AE =
EAPM _ EFM the difference of total energies of ferromagnetic
and antiferromagnetic phases. AE is proportional to J and
is given by AE = NZJS.S., where N is the number of
symmetric Mn atoms in the ferromagnetic cell, Z is the
number of the next-nearest (Mn) neighbors to each of the
N Mn with opposite spin, and S.S. is the product of
the z component of neighboring Mn spin moments, according
to the Ising Hamiltonian. The calculation of J is carried
out by assuming the following: (1) For the localized hole
solution, the octahedron is affected by a large distortion and
all Mn-O distances are different. The quantities Jeq and Jyp
are an average and do not take into account the differences in
Mn-O bond length. (2) The value of S, is 3.75u5/Mn, which
assumes the solution of one delocalized hole over all four
Mn atoms. Under these assumptions a mapping of the DFT
energetics to the superexchange model can be achieved and J,,
and Jeq determined (see Appendix). The computed coupling
constants are given in Table VI. It is evident that J,, and Jeq
for the localized hole solution (FM-I) are smaller than those
for the delocalized hole (FM-M).

Figures 3(c) and 3(d) show the projected density of states
(PDOS) foraLag 75Cag 2sMnQO3 metal and a Lag 75Cag ,sMnQOj3
insulator, respectively (the total and projected density of states
of LaMnO3; and CaMnO; are also shown for comparison
purposes). Zero energy corresponds to the Fermi level, so
occupied and unoccupied states are characterized by negative
and postive energies, respectively. Through chemical substitu-
tion of a Ca atom into the local La site, a transition to a FM
half-metallic state occurs as can be seen in Fig. 3(c). This is in
agreement with the half metallicity reported experimentally

TABLE VI. Calculated J.q and J,p, in meV for the delocalized
and localized hole solutions.

Jop (meV) Joq (meV)
Delocalized 10.5 4.78
Localized 2.62 3.36

PHYSICAL REVIEW B 89, 205110 (2014)

from scanning tunneling spectroscopy measurements [80].
This provides direct evidence for the fact that B3LYP describes
the electronic properties of the observed material correctly. The
spin resolved band gap of 2.02 eV in the majority and 4.22 eV
in the minority spin states is evident in Fig. 3(d), and this is
attributed to the formation of an anti-JT polaron. In Figs. 3(b)
and 3(c), the hybridization of the Mn d and O p majority
spin states just below E is clearly evident. Both Mn and O
contribute to the DOS at E¢.

IV. CONCLUSIONS

Hybrid-exchange DFT calculations have been used to cor-
rectly predict the very different structural and magnetic sym-
metries of the endpoint compounds, LaMnO3; and CaMnOs.
The most stable phase predicted for an ordered Ca distribution
in Lag75CapsMnO; is the ferromagnetic-insulating state.
An anti-Jahn-Teller polaron forms and the localized state is
influenced by long range cooperative Jahn-Teller distortions.
We have deduced that the relative energy scales are of a similar
magnitude, which indicates strong coupling between charge,
orbital, spin, and lattice degrees of freedom. The present
study demonstrates the reliability of the description of the
hybrid B3LYP functional for strongly correlated systems, such
as the La; ,A,MnO3; manganite series. This work provides
a basis for further much more computationally demanding
investigations, aimed at determining the effect of a disordered
Ca distribution on the structural, magnetic, and electronic
properties of La;_,Ca, MnOs.
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APPENDIX

The exchange coupling constants Jeq and J,, for the
delocalized hole case are determined from the following:

AE — EAFM

APM _E™M = NZJp82 =4 x 2 x J,p(3.75 % 1),

(AD)

AE = Ef™ — E™ = NZJo82 = 4 x 4 x Jg(3.75 % 1)’
(A2)
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In addition, J,, and Jq for the localized hole solution can be calculated from the following:

AE =EN)| —E™=NZJ,82 =2 x2x Jp[(4# 3 x 4% 1)+ (355 x4x3)], (A3)
AE = Ef))y —E™ = NZJS2 =2 x4 x Jg[ (45 5 x 45 3) + (4% 3 x3x1)]. (Ad)
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