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Abstract

A deep focus has been devoted to manganites and their exquisite properties. Controversy still exists
concerning the nature of undoped parent compound of manganites (LaMnO3). Although its A-type
antiferromagnetic insulator low temperature behavior is unanimous, its orbital, lattice and charge local
description at high temperature towards the macroscopic structural phase transitions hasnt reached a
consensus so far.

A Perturbed Angular Correlation study on the RMnO3 (R=Sm, Nd, Pr, La) will be presented,
showing an increase of the Electric Field Gradient (EFG) with the rare-earth (RE) ionic radius. Den-
sity functional theory calculations (DFT) were performed for the RMnO3 systems. For LaMnO3 the
calculations were performed under two different magnetic configurations, different values of the on-site
Coulomb parameters and position optimization criteria. The results show that the relaxation of atomic
positions might compromise the correct description of Jahn-Teller (JT) distortion and consequently
the calculated EFG tensor. EFG temperature evolution was studied for LaMnO3 across the JT and
concomitant orbital order/disorder transition. Unexpectedly, a drastic change in the EFG parameters
was observed much below the JT temperature, pointing to the partial melting of the system’s orbital
order. A phase separation resulted from the nucleation of an orbital disordered phase occurring at tem-
peratures much below the order/disorder transition persisting into rhombohedral phase. The results
were compared with DFT supercell calculations.
Keywords: Perturbed Angular Correlation, Density Functional Theory, Manganites, Jahn-Teller,
Orbital order, Coulomb parameter

1. Introduction

In the last years, a deep focus has been devoted
to transition metal oxides boosted by the advances
in materials synthesis as well as development of
new experimental techniques. Both multiferroic
and magnetoresistive manganites have applications
in magnetic field sensors, magnetic memories and
other spintronics devices [1]. An important feature
of stoichiometric LaMnO3, NdMnO3, SmMnO3 [2]
and many related perovskites is their ability to re-
versibly absorb and desorb oxygen into the crys-
tal lattice by continuous and spontaneous changes
in Mn oxidation state without changing the overall
bulk crystal structure [3]. LaMnO3 and LaMnO3+δ

and doped La based manganites are a efficient low
cost solution for oxygen-reduction with improved
durability [4, 5] opening new doors for oxygen-ion-
based-charge storage mechanism leading to fast en-
ergy storage [6] showing high specific capacitance
and affordability. The oxygen-reduction reaction
(ORR) is intimately connected to the Jahn-Teller
distortion of the Mn-O octahedra. Despite the high
scientific interest in the last year, controversy still

exists about the nature of undoped parent com-
pound of manganites (LaMnO3), regarded as a
key system for experimental and theoretical studies
which aim to solve the importance of Jahn Teller
cooperative effect and orbital order. Perturbed an-
gular correlation technique is determinant to infer
the local lattice structure, magnetic and electric
correlations leading to a deeper understanding of
the phenomenology behind orbital order and Jahn
Teller distortion in manganites since in highly cor-
related electron systems subtle differences at local
scale originate very distinct macroscopic properties
which can not be determined by other macroscopic
methods. Ab initio calculations of hyperfine pa-
rameters are rather inexistent in manganites de-
spite the importance of the studies with hyperfine
techniques. The interpretation of the experimental
results obtained from EFG provides local atomic
scale information and can be compared with the
calculations supporting a better understanding of
the structural and charge mechanisms as well as
the roles of the onsite electron Coulomb interaction,
magnetic configuration and atomic position relax-

1



ation. In order to accurately describe the properties
of LaMnO3 phases, methods beyond DFT are re-
quired, such as the GGA+U (or LDA+U) approach.

2. General aspects of Manganites

Perovskites of RMnO3 family generally exhibit
complex phase diagrams as a result of the intricate
conjugation between orbital correlations and struc-
tural distortions and RMnO3 compounds with R
larger than Ho crystallize in the perovskite-like or-
thorhombic structure within the Pbnm space group
although they can be stabilized as rhombohedric or
tetragonal. In this way, at high temperature there is
a orthorhombic-rhombohedric (O-R) transition (for
LaMnO3 TO−R = 1010K).

The Jahn-Teller distortion is known to have a di-
rect effect not only on the transport and magnetic
properties of LaMnO3 such as discontinuity in lat-
tice parameters and volume, changes in resistivity,
magnetic susceptibility, heat capacity and thermo-
electric power but also variation in EFG and η pa-
rameters at La site [7] and in the reduced electron
spin resonance linewidth [8].

2.1. Orbital Ordering

The relevant phenomena of interest observed in
LaMnO3 has on its nature the existence of corre-
lations between local orbital states which led to or-
bital ordering (OO). This issue arises fundamen-
tally from the degeneracy of the Mn3+ 3d4 in the
(t32g)(e

1
gd) electron configuration which is lifted by

JT distortion of MnO6 octahedra. In fact the Mn-
O bond displacements are coupled with orbital oc-
cupancies and the electronic degrees of freedom.
Therefore, these distortions are ordered through the
crystal originating the linkage in the lattice of alter-
nating short and long Mn-O bonds within the (a,c)
plane. The projection of the long bonds is slightly
greater along a than c. This type of arrangement
sometimes is referred to as C-type orbital order.
The temperature at which the orbital order breaks
down (TOO) increases from 750 to ∼1500K with de-
creasing ionic radius (La→Dy) [9].

2.2. Magnetism in LaMnO3

LaMnO3 shows A-type antiferromagnetic arrange-
ment [10] below the Neel temperature of about
140 K. In this type of antiferromagnetic ordering
the spins in the a-b plane are ferromagnetically ar-
ranged. The ferromagnetic planes are stacked anti-
ferromagnetically along the c direction.

3. General aspects of Density Functional
Theory

Density Functional Theory (DFT) appears as an
alternative to Hartree-Fock method, since instead
of this wave function it uses electron density ρ(r)
which has only 3 degrees of freedom and it depends
solely on the position being the many-electron prob-

lem reduced to one-electron problem. Moreover
it deals with both exchange and correlation ef-
fects (although approximately). The basis for this
are the Hohenberg-Kohn theorems. The first one
states that every observable of a stationary quan-
tum mechanical system is uniquely determined by
its ground state electronic density. In the sec-
ond theorem, it is said that the total energy func-
tional reaches its minimal value for the ground state
density corresponding to the potential of the nu-
clei (external potential). It has a dependency on
the so called Hohenberg-Kohn functional which can
be approximated using the Kohn-Sham equations.
In order to solve them, an exchange potential has
to be determined. This potential includes all the
many-body effects which cannot be exactly calcu-
lated and must be approximated. The most basic
approximation is the Local Density Approximation
(LDA), wherein at each point in space the exchange-
correlation potential corresponds to the exchange-
correlation potential of an electron gas with uni-
form density equal to the density at that point. An
improvement to this approximation has been made
resulting in the so called generalized gradient ap-
proximation (GGA). There are different implemen-
tations to solve the Kohn-Sham equations, in this
work the linear augmented plane wave + local or-
bitals method L/APW+lo method will be used and
calculations will be performed using using WIEN2k
code [11].

4. Hyperfine measurements
4.1. Hyperfine calculations
PAC is based in the measurement of the anisotropic
correlation between the emission directions of two
consecutive γ rays emitted from the radioactive de-
cay of a probe nucleus that is exposed to an elec-
tromagnetic field perturbation. If the intermedi-
ate level of the γ-ray cascade has a non-vanishing
quadrupolar (and/or magnetic) moment and a suit-
able half-life (85ns for 111mCd) a characteristic
modulation of the γ emission correlation pattern
is observed and the characteristic frequency(ies) of
the modulation (and consequently the EFG) can
be extracted. The relevant information taken from
the PAC measurements is thus obtained from the
perturbation function R(t) modulated by the hy-
perfine interaction. This perturbation is revealed
by a proper combination of the spectra recorded at
angles θ = 180◦ and θ = 90◦. The theoretical R(t)
function for a static electric quadrupole interaction
with I = 5/2 is approximated by

R(t) =AkkGkk(t)

=Akk

(
Sk0 +

3∑
n=1

Skncos(ωnt)exp(−δωnt)

)
(1)
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Gkk(t) contains all the relevant information of
the lattice field interacting with the probes and the
Akk(t) coefficients depend only on the nuclear cas-
cade. The transition frequencies ωn , with relative
width δ and correspondent amplitudes Skn , are de-
termined by the diagonalization of the hyperfine in-
teraction Hamiltonian. For I = 5/2 and consider-
ing a pure quadrupolar interaction, three transition
frequencies are observable for each EFG. The ωn
frequencies are related to the principal component
of the EFG tensor, Vzz , and to the axial asymmetry
parameter η, where η = (Vxx − Vyy)/Vzz. Parame-
ters Vzz, and η, fully characterize the EFG tensor.
Vzz relates with the quadrupole frequency ωQ by

ωQ = eQVzz

4I(2I−1)~ where Q is the quadrupole moment

and e the electron charge. The major advantage of
PAC over other local probe techniques like NMR
or Mossbauer is that PAC efficiency is temperature
independent making it possible to explore a wide
range of temperatures. In this way, good quality
spectra without spurious contributions can be ob-
tained at room or higher temperature enabling ac-
curate measurements of the EFG parameters.

4.2. Experimental setup

The first step in order to perform a PAC experiment
consists in introduction of a radioactive isotope, in
this work it was made either by diffusion of a so-
lution containing the desired isotope or via ion im-
plantation in the sample. The samples have been ei-
ther implanted at the On-Line Isotope Mass Separa-
tor (ISOLDE) facility at CERN, diffused at CERN
or diffused at Helmholtz-Institut fur Strahlen- und
Kernphysik (Bonn University).

Two isotopes have been used, 111mCd by implan-
tation and 111In by diffusion. Both decay to the
same intermediate state, so for both, they will be
measured as 111Cd. The essence of a PAC experi-
ment is the recording of the coincidence count rate
as a function of time between the emission of γ1
and γ2 at fixed detector angles. All the spectrom-
eters are equipped with BaF2 scintillators [12] and
use analog electronics for making the coincidences
although one spectrometer uses LaBr(Ce) scintilla-
tors and a Field-programmable gate array (FPGA)
for processing the coincidences [13]. For measured
temperatures above room temperature and up to
∼ 1300K in Ar atmospheres, a resistive furnace is
used (stabilization ' 1K). Both the furnace and
the refrigerator are mounted in such way that the
sample is at the center of the detector’s assembly.

5. Structural and magnetic characterization

The sample of LaMnO3 was obtained by solid state
reaction method while Pr(Nd,Sm)MnO3 samples
preparation followed the sol-gel method. The pu-
rity of the samples was controlled by XRD and EDS
analyses together with magnetic and electric char-

acterization and for all samples it was shown chem-
ical homogeneity and single phase.

Magnetic susceptibility measurements were car-
ried out and have shown consistence to the high
quality of the compounds.

The samples were annealed in vacuum or ar-
gon with variable duration at temperatures rang-
ing from 973K up to 1273K in order to reduce the
number of defects in the case of implantation or to
remove the solvent and promote the isotope diffu-
sion so that it could occupy the position in the crys-
talline structure with whom it has bigger affinity in
case of diffusion. All annealings were followed by
a quenching to prevent deviation from stoichiome-
try and all annealing conditions were optimized fol-
lowing the existing literature. One should mention
that in manganites systems, the 111mCd and 111In
probes occupy the rare earth site.

6. Electrical Field Gradient Studies in
RMnO3

6.1. Hyperfine field dependence on rare
earth

PAC measurements have been performed at RT for
the samples La(Pr,Nd)MnO3 and SmMnO3 using
111mCd and 111In probes. Figure 1 shows repre-
sentative experimental perturbation functions R(t)
and corresponding Fourier transforms, measured at
room temperature, as function of the different rare-
earth substitutions. The best fit to each experimen-
tal PAC spectrum was obtained considering that
the probe atoms interact with one EFG distribu-
tions so no contribution from a second frequency
triplet was needed for fit purposes. The depen-
dence of EFG tensor Vzz and asymmetry parameter
η are depicted on figure 2. Density functional the-

Figure 1: Representative R(t) experimental func-
tions, fitting (red line over R(t) spectra) and
Fourier transforms for 111mCd : La(Nd,Pr)MnO3

and 111In : SmMnO3 at RT

ory calculations were carried out using linearized
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Sample
RE site Mn site
|Vzz|(V/A2) η |Vzz|(V/A2) η

LaMnO3 115.7 0.68 18.3 0.38
PrMnO3 100.1 0.95 15 0.34
NdMnO3 98.7 0.72 13.7 0.29
SmMnO3 98.8 0.51 15.4 0.27

Table 1: Hyperfine parameters calculated for
La(Nd,Pr,Sm)MnO3 at RE and Mn sites under FM
ordering with position minimization criteria and
UdMn = 4eV,UfRE = 8eV

augmented plane wave + local orbitals method
(LAPW+lo) as implemented in the WIEN2k code.
The exchange correlation potential was calculated
using a Perdew-Becke-Erzenhof generalized gradi-
ent approximation (PBE)-GGA. Lattice parame-
ters and atomic positions were retrieved from the
literature [14, 15]. The relaxation of internal atomic
positions has been implemented and FM order-
ing was considered for simplicity. Coloumb cor-
rections were taken in account for Mn 3d orbitals
(UdMn = 4eV) and RE 4f orbitals (UfRE = 8eV) in
the case of Pr, Nd and Sm manganites. The cal-
culated hyperfine parameters are shown on table 1
and depicted on figure 2. It can be seen that both
experimental and calculated EFG show an increas-
ing dependence on the ionic radius at RE site.

Figure 2: Hyperfine parameters obtained ex-
perimentally by PAC for La(Nd,Pr,Sm)MnO3

and calculated at RE and Mn sites for FM
unitary cells with position optimization and
UdMn = 4eV,UfRE = 8eV at RT (orthorhombic dis-
torted phase). No Sternheimer antishielding coeffi-
cient was used on both experimentally obtained and
calculated values.

Concerning the ionic radius dependence of the
asymmetry parameter η, an increasing of the mag-
nitude can be observed for the experimental results
with the increase of ionic radius.

The discrepancy between the tendency of exper-
imental and calculated values for asymmetry pa-
rameter (which is manifestly visible for Pr man-
ganite) may be assigned to the fact that the struc-
tural parameters are given for RT and then mini-
mized but the simulated system is reproduced for
0K. Moreover, the systems are paramagnetic at RT
whereas the simulations were performed under FM
configuration. Further calculations on Pr mangan-
ite without position optimization under AFM mag-
netic configuration should be done in order to test
if the observed behavior can be addressed to the
magnetic ordering [16, 17] and/or the position op-
timization.

6.2. DFT unitary cell calculations for
LaMnO3

LaMnO3 is being reproduced for 0K, nevertheless in
this work we aimed to reproduce the system for RT
and 798K. The lattice parameters and atomic posi-
tions given as starting input were obtained experi-
mentally [18, 14, 19]. The lattice parameters were
kept fixed while the atomic positions were tested
for both fixed and free configurations. The A-AFM
ordering was performed setting the direction of Mn
spins in a 1x2x1 supercell (space group Pnma) with
20 atoms. In the following subsections the DOS is
discussed qualitatively for LaMnO3 with two dif-
ferent magnetic orderings under different exchange
correlations potentials and different position mini-
mization criteria.

6.2.1 Ferromagnetic order, Ud = 0eV

DFT calculation have been performed for LaMnO3

with FM ordering, without position optimization,
and U=0 eV. Lattice constants and positions were
retrieved from [18]. The same analysis was made
with position optimization using the lattice param-
eters and atomic positions retrieved from [14] under
FM ordering. The EFG parameters at the La and
Mn atomic position obtained in ferromagnetic spin
configuration with U=0 with two position optimiza-
tion criteria are presented in table 2.

6.2.2 Ferromagnetic order, U 6= 0eV

LDA and GGA are reported to reproduce the ex-
perimental lattice parameters and magnetic struc-
ture of the LaMnO3 unit cell but underestimate
the Jahn-Teller and GdFeO3-type distortions as
well as the band gap [16]. Correction for the self-
interaction error using DFT + U was found to
improve calculation of the distorted structure of
orthorhombic LaMnO3 fully activating the Jahn-
Teller distortion, reproducing the experimental
band gap, stabilizing the correct magnetic ground
state [20] and its electronic structure [16, 17].
Therefore, GGA alone is not able to produce sig-
nificant orbital splitting due to spin exchange and
structural distortions, resulting in the amplification
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Ud (eV) |VRe
zz |(V/A2) ηRe

Magnetic
ordering

Position
optimization

0 115.36 0.94 FM no
4 118.48 0.92 FM no
0 99.78 0.56 FM yes

1.6 106.95 0.65 FM yes
4 115.37 0.72 FM yes
8 120.59 0.70 FM yes

Table 2: Hyperfine parameters calculated for
LaMnO3 at La site as function of Ud under FM
ordering with two different position minimization
criteria.

of the electron delocalization which is a consequence
of the lack of self-interaction correction.

Four different values for Ud at Mn site were
tested, corresponding to U = 0; 1.6; 4; 8 eV.

The obtained hyperfine parameters are presented
in table 2 for the La site. It’s clear that irrespective
of position minimization criteria used, the EFG at
La site increases with U correction used at Mn d-
states.

Figure 3: Asymmetry parameter calculated at La
site for different Ud values under FM ordering

On figure 3 it is presented the evolution of the
asymmetry parameter at La site under FM ordering
for two position optimization criteria. It is shown a
decrease of the η for both Ud = 0eV and Ud = 4eV
when optimization of the atomic positions is used.
For this reason additional calculation without posi-
tion optimization were carried out in order to con-
firm the influence of the position optimization on
the JT distortion whose magnitude is given by the
η parameter. In addition it can be observed a de-
crease of the η value as we perform the optimization
of the atomic positions.

6.2.3 A-Antiferromagnetic order

The DOS for LaMnO3 in A-AFM ordering with
Ud = 0eV and Ud = 4eV are presented in figure 4

Ud (eV) |VMn
zz |(V/A2) ηMn

Magnetic
ordering

Position
optimization

0 15.98 0.96 A-AFM no
4 9.70 0.98 A-AFM no

Table 3: Hyperfine parameters calculated for
LaMnO3 at Mn site as function of Ud under A-AFM
ordering with two different position minimization
criteria.

Ud (eV) |VRe
zz |(V/A2) ηRe

Magnetic
ordering

Position
optimization

0 116.50 0.89 A-AFM no
4 118.70 0.91 A-AFM no

Table 4: Hyperfine parameters calculated for
LaMnO3 at La site as function of Ud under A-AFM
ordering with two different position minimization
criteria.

whereas the hyperfine parameters at La and Mn
sites without position optimization are presented on
tables 3 and 4 for Mn and La sites respectively as
function of Ud.

From fig. 4 (a) we observe the appearing of a
band gap (≈ 0.29eV) on A-AFM ordering accom-
panied by the re-population of the spin down state
of the total DOS close to the top of the VB. Anal-
ogously to what occurred for FM ordering, Mn 3d
electrons dominate also the bottom of conduction
band (CB) and appear below the La 4f electrons.
The majority of La states 4f are located in a very
narrow energy of the conduction band, apart from
a negligible contribution in the valence band 3p.

Comparing the DOS in both figures 4 (a) and (b),
we observe that the total band gap significantly in-
creases from ≈ 0.29eV up to ≈ 1.31eV with Ud at
Mn site what is included in the range of values cov-
ered by different experimental techniques and calcu-
lations for the band gap as mentioned in the general
aspects of LaMnO3. The Mn d-states are less local-
ized in the top of VB which enhances the hybridiza-
tion of Mn d states and increases the degeneration
of O p states with Mn 3d states.

Regarding the projected DOS at Mn site under
AFM ordering LaMnO3 with Ud = 4eV (figure 5) it
is observed a higher separation between the valence
and conduction states as expected, giving rise to the
increasing of the band gap. Furthermore, dx2−y2

and dxz are dominantly populated in the vicinity
of Ef. This is in agreement with the nature of the
JT splitting since due to the energetic preferences,
the extra electron of Mn3+ has to occupy one of
the high energy eg orbitals because each of the t2g
orbitals is filled with one electron. In figure 5 this
may correspond to the situation in which the eg
orbital which presents higher occupation is dx2−y2

whereas the t2g orbital lying at higher energy due to
crystal field splitting is the dxz. Since the orbitals
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(a)

(b)

Figure 4: Orbital projected density of states for Mn
in A-AFM LaMnO3 without position optimization
for (a) Ud

−−0 eV and (b) Ud
−−4 eV

dx2−r2 and dy2−r2 are dominantly populated, the
FM exchange coupling wins in the ab plane and
we get FM coupling within this plane. The strong
confinement of eg orbitals within this plane leads
to the opening of the band gap. On other hand,
the electrons in the dxy and dyz provide the AFM
super-exchange, stabilizing the A-AF ordering.

Figure 5: Orbital projected density of states for Mn
in A-AFM LaMnO3 with Ud

−−4 eV without position
optimization

The obtained hyperfine parameters are presented
in tables 3 for Mn site and in table 4 for the La site
under A-AFM ordering and without position opti-
mization for two different Ud values in agreement
with previous calculations [21]. The calculated val-
ues for asymmetry parameter (η) presented in table
4 are in close agreement with those obtained exper-
imentally by PAC at RT.

For LaMnO3 both EFG parameters depend on
the Ud value, being that dependence critical, as
expected, for Mn site; second increasing the Ud
value the EFG parameters obtained with different
magnetic configurations and atomic positions opti-
mization criteria tend to the similar values. Ma-
jor changes are observed however testing fixed and
free configurations of atomic positions especially for
Ud=0. In fact, a 40 % decrease of η at the La
site is observed for Ud=0 when the FM state is im-
posed. This questions whether, by allowing the re-
laxation of the atomic positions, one is compromis-
ing the correct description of Jahn-Teller distortion
and consequently the simulated electric-field gradi-
ent tensor. In fact, retrieving the simulated Mn-O
distances after relaxation one notices that the lo-
cal Jahn-Teller distortion has suffered a significant
reduction. A ∆d = 5.480 × 10−4 was found for
the relaxed system while a ∆d = 36.569 × 10−4 is
obtained using directly the experimental atomic po-
sitions (∆d characterizes the Mn-O distances asym-
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metry as defined in [14]). Furthermore, the calcu-
lated η value, considering fixed atomic positions,
agrees well with the experimental one in the sto-
ichiometric, collective Jahn-Teller distorted, com-
pound measured with 111In. On the other hand,
when one allows a relaxation of the atomic posi-
tions, the η value tends to decrease to values exper-
imentally observed in structures with relaxed Jahn-
Teller distortion [22].

6.3. Hyperfine field dependence on temper-
ature for LaMnO3

6.3.1 Experimental hyperfine field studies
on LaMnO3

The orthorhombically distorted antiferromagnetic
LaMnO3 sample was implanted with 111mCd or dif-
fused with 111In proceeded by annealing following
the procedure described previously. Representative
R(t) spectra, Fourier transforms and fit for both
functions obtained at selected temperatures within
the measured range using 111In probe are shown in
figure 6.

Figure 6: Representative R(t) experimental func-
tions, fitting (red line over R(t) spectra) and Fourier
transforms for 111In : LaMnO3 for selected temper-
atures within the range 296K up to 1123K

From figure 7 we observe that the magnitude of
EFG1 component decrease with the increase of tem-
perature up to TJT after which it becomes approx-
imately constant. Moreover, from the dependence
of asymmetry parameter on temperature (figure 8,
a progressive increase of the symmetry up to TJT is
shown, followed by a plateau on the orthorhombic
undistorted phase which clearly points the transi-
tion to the rhombohedral phase since it is observed
a further decreasing of the η1 continuing down close

to zero with the increase of the temperature.
Furthermore, a discontinuity in the slope pro-

file of EFG1 can be easily identified by visual in-
spection from figure 7 on the vicinity of T∗ and
confirmed after performing the relative variation of
the EFG1 where a minimum can be found around
T = T∗ = 550K. An abrupt change on the pro-
file of the asymmetry parameter (figure 8) corre-
sponding to the main local environment (η1) around
T = 450K is observed, above which we start to
be sensitive to the nucleation of a second coexist-
ing local environment, whose percentage jumps at
T = 550K (figure 9). Not only the emergence of the
second phase is observed but it can also be charac-
terized in therms of the hyperfine parameters.

Figure 7: Experimental EFG principal component
Vzz for LaMnO3 obtained with 111In (circles) and
111mCd (squares). The environment EFG1 is de-
picted with red color whereas the environment
EFG2 is represented with blue color. The star cor-
respond to 111mCd : LaMnO3+δ [22] being δ = 0.07.
Dashed pink line is a guide to th eye. The black
continuous line shows the slope for T ≤ T∗ and
T ≤ T∗ ≤ TJT. Red area comprises the orthorhom-
bic distorted phase, blue are the orthorhombic
undistorted phase and green area the rhombohedral
phase. T ∗∗ corresponds to the nucleation temper-
ature, T ∗ to the melting of orbital order and TJT

the Jahn-Teller temperature.

EFG2 keeps nearly constant with increasing of
temperature. In order to understand the nature of
EFG2 we compare its value with literature and we
found a correspondence with self doping measure-
ments [22] (pink symbol and dashed line on figures
7 and 8) there is a correspondence of both values to
those of the orthorhombic disordered phase. There-
fore, this result suggests an orbital disordered phase
segregation occurs concomitant with a drop on η1
and theEFG1 seems to persist up to high tempera-
ture without the collective JT distortion.

Interestingly, a parallelism may be established
between the mentioned discontinuity at T∗ = 550K
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Figure 8: Asymmetry parameter η for LaMnO3 ob-
tained with 111In (circles) and 111mCd (squares).
The environment #1 is depicted with red
color whereas the environment #2 is repre-
sented with blue color. The star correspond to
111mCd : LaMnO3+δ [22] being δ = 0.07. Dashed
pink line is a guide to th eye. Red area comprises
the orthorhombic distorted phase, blue are the or-
thorhombic undistorted phase and green area the
rhombohedral phase. T** corresponds to the nu-
cleation temperature, T* to the melting of orbital
order and TJT the Jahn-Teller temperature.

Figure 9: Probe volume fraction ( %) for LaMnO3

obtained with 111In (circles) and 111mCd (squares)
for the environment #2. Red area comprises the
orthorhombic distorted phase, blue are the or-
thorhombic undistorted phase and green area the
rhombohedral phase. T** corresponds to the nu-
cleation temperature, T* to the melting of orbital
order and TJT the Jahn-Teller temperature.

found in this work and the discontinuity of the tem-
perature dependence of the reduced ESR linewidth
obtained by Schaile et al [8] and can be regarded as
a manifestation of the three-dimensional orbital or-
der melting occurring at T∗ = 550K whereas a two-
dimensional order remains intact up to T = TJT.

Contrarily to what was previously published

where the orbital order-disorder transition accom-
panies the JT transition [9], we observe a decou-
pling of the orbital-disorder and JT temperatures.
Trokiner et al [7] also reported a melting of the or-
bital order along the c axis at about T = 550K.
According to ref [8], long range orbital order is
released above 750K but short-range order fluc-
tuations survive up to 900K. On other hand, the
same NMR study [7] reported collective excitations
for T ∼= 900K. This supports some previous works
where is reported a persistence of the local or-
bital order for T� TJT nevertheless its nature is
poorly understood. Indeed, x-ray absorption mea-
surements [23] indicate the existence of dynamical
distortions of the MnO6 octahedra above TJT, con-
firmed by high resolution neutron scattering show-
ing that a non zero order parameter remains above
TJT. Moreover, neutron powder diffraction com-
bined with atomic pair distribution function (PDF)
indicates that local ordered clusters of fully dis-
torted MnO6 octahedra persist into rhombohedral
phase [24].

Therefore, the existence of a second phase around
T∗∗ ' 450K indicates that the orbital order transi-
tion may be assigned to a percolative nature which
is also a current issue on literature. Indeed the per-
colation threshold for a simple cubic structure is
' 30% [25] which is in agreement with the ampli-
tude of the jump around T∗ ' 550K in figure 9,
giving rise to what can be interpreted as a phase
separation. Thus, across JT transition we may look
at the system as a matrix which is becoming undis-
torted however keeping up to higher temperature
clusters which locally are still distorted (although
not fully distorted). To the best of our knowledge,
so far there are no published works in which both
melting of the orbital order and phase segregation
are simultaneously observed in LaMnO3.

6.3.2 DFT LaMnO3 supercell calculations -
supercell

DFT calculations were extended to diluted Cd
supercell substituting Cd at the La site in
La1-xCdxMnO3 in order to predict the hyperfine
parameters obtained by perturbed angular corre-
lation and its variation with structural degrees of
freedom. Lattice parameters and atomic positions
have been retrieved from refs. [14] and [19] for RT
and T = 798K respectively and position optimiza-
tion has been performed, as suggested previously.

In order to reproduce the experimental situa-
tion of highly diluted Cd probe (experimentally
smaller than 1ppm) 1 Cd atom was included for
each 15 atoms of La (La0.9375Cd0.0625MnO3 mean-
ing 6.125% of dilution) occupying the rare earth
site substitutionally, corresponding to a repetition
of 2x2x1 of the unitary cell.

The assumption that Cd substitutes the rare
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earth site it is not only based on the fact that the
ionic radius for Cd2+ is closer to La3+ than Mn3+

but also on previous calculations [26]. Furthermore,
it has also been reported experimentally by PAC
that it occupies the rare earth site for the case of
LaMnO3 [22].

Full potential (linearized) augmented plane-
wave + local orbitals ((L)APW+lo) and gener-
alized gradient approximation plus Hubbard U
(GGA+U) method [27] with the Perdew-Becke-
Erzenhof (PBE) parameterization [28] have been
used in the supercell calculations of this work.

6.3.3 DFT LaMnO3 supercell calculations
for JT distorted phase

Comparing the total density of states in the
111Cd : LaMnO3 supercell at RT under FM order-
ing with the results obtained from unitary cell we
observe that in both situations the insulating be-
havior of LaMnO3 is not reproduced since no band
gap was found.

Nevertheless, the value for the electric field gradi-
ent obtained from the supercell calculations for dis-
torted phase (VZZ = 66.78V/Å2) is in close agree-
ment with the measured value by PAC at La site
for T = RT (VZZ = 65.8V/Å2) which is not ver-
ified from the results retrieved from the unitary
cell calculations (VZZ = 115.37V/Å2). None of
these values was accounted for Sternheimer coeffi-
cient. These findings highlight the goodness of the
adopted Cd dilution criteria as suitable approxima-
tion and strong tool for the reproduction and even
prediction of the measured PAC hyperfine parame-
ters.

6.3.4 DFT LaMnO3 supercell calculations
for JT undistorted phase

Regarding the 111Cd : LaMnO3 supercell at
T = 798K under FM ordering insulating behavior
is not reproduced since no band gap was found as
in previous case at RT. Analogously to what was
described in the previous section, the value for the
electric field gradient obtained from the supercell
calculations above TJT (VZZ = 77.04V/Å2) is in
much closer agreement with the value measured
by PAC at La site for the orbital disordered
phase (at T=458K, EFG2 = 70.96V/Å2) than
the one obtained from unitary cell calculations
(VZZ = 121.18V/Å2). The same happens for the
asymmetry parameter calculated for the supercell,
whose obtained value above TJT (η = 0.49) is in
agreement with the experimental results. The ob-
tained EFG calculated on supercell above T = JT
points to the orthorhombic disordered nature of
EFG2.

7. Conclusions

We conclude that both EFG and η depend on the Ud
value, and EFG tends to a similar value irrespective

of magnetic configuration and position optimization
chosen criteria. Nevertheless, major changes were
observed if FM state is imposed when fixed or free
configurations are tested in the absence of Coulomb
interaction and a good agreement with experimen-
tal results is reached when fixed atomic positions
are considered, what arises the question whether, by
allowing the the relaxation of the atomic positions
one is compromising the correct description of the
Jahn-Teller distortion and consequently the simu-
lated electric field tensor. Therefore, we conclude
that the exclusion of the structure optimization in
the calculations must be regarded a crucial factor
to be taken into account when calculating the EFG
by DFT.

Concerning the study of the EFG behaviour in
LaMnO3 as function of temperature we conclude
that the orbital-order and Jahn-Teller transitions
are decoupled. This is given by a phase separation
resulting from the nucleation of a orbital disordered
phase at T much below the temperature linked with
the melting of the orbital order (TOO ' 550K). We
also observe that the JT distorted phase persists in
the Rhombohedral phase, pointing to a scenario in
which the persistence of a orbital disordered phase
for higher temperature can coexist and are not mu-
tually exclusive, which has not been seen before in
literature for LaMnO3.

Regarding the supercell calculation performed on
LaMnO3, we verified that the adopted Cd dilution
criteria reproduces well the hyperfine parameters
obtained experimentally for undistorted phase at
La site and helped to clarify the orthorhombic dis-
ordered nature of EFG2.

We believe that this is a step forward in un-
derstanding the exotic behavior behind the stun-
ning characteristics of the rare earth manganites
with perovskite structure and their connection with
Jahn-Teller distortion. Nevertheless, new doors
were open to a whole range of new scenarios and
complementary tests shall be performed as future
work.

8. Future Work
Complementary studies on weather the position
minimization compromises the correct description
of the Jahn-Teller distortion should be performed.
In addition the rhombohedral phase should be also
studied from unitary cell and supercell calcula-
tions. Regarding the hyperfine field dependence on
temperature for RMnO3, complementary measure-
ments with 111mCd should be continued.
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