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The magnetocapacitance and magnetoresistance properties near room temperature of partially disordered
double perovskite La2NiMnO6 are related, at least in part, to coupled ferroelastic and magnetic instabilities
that are responsible for a ferromagnetic phase transition near 280 K. A systematic analysis of this coupling
from the perspectives of strain and elasticity has revealed a system with biquadratic coupling among three
order parameters belonging to irreducible representations of X +

3 , �+
4 and m�+

4 of the parent space group
Fm3̄m. Classical octahedral tilting drives the structural transitions at high temperatures and strong acoustic
attenuation through the temperature interval ∼300–500 K, observed by resonant ultrasound spectroscopy from
a polycrystalline sample, is consistent with pinning of ferroelastic twin walls by point defects. Below room
temperature, stiffening of the shear modulus by up to ∼40% can be understood in terms of biquadratic coupling
of the ferromagnetic order parameter with strain. Acoustic attenuation with Debye-like patterns of loss in the
temperature interval ∼150–280 K yielded activation energies and relaxation times which match up with AC
magnetic and dielectric spectroscopy data reported previously in the literature. The dynamic loss mechanism,
perhaps related to hopping of electrons between Ni2+ and Mn4+, is potentially multiferroic, therefore. In addition
to the possibilities for tailoring the intrinsic properties of La2NiMnO6 by controlling oxygen content, B-site
order or by choice of substrate for imposing a strain on thin films, it should be possible also to engineer extrinsic
properties which would respond to applied electric, magnetic, and stress fields.
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I. INTRODUCTION

Double perovskites (A2B′B′′X6) exhibit various fundamen-
tally interesting physical and chemical properties, which have
been extensively studied in materials science and condensed-
matter physics [1–3]. These arise largely as a consequence
of the choice of B-site cations, leading to a wide range
of possibilities for potential device applications [1]. In this
context, La2NiMnO6 (LNMO) is an example of a double per-
ovskite showing magnetoresistance, magnetodielectric, and
magnetocapacitance effects near room temperature [4–7]. For
example, it can be used in commercially available solid-
state thermoelectric (Peltier) coolers [5]. It also has potential
application in solar cells because it has been found to display
long carrier lifetimes (∼0.1 ms) and robust photovoltaic per-
formance. Further advantages are that it is eco-friendly, non-
toxic, cheap, and structurally stable in oxygen and ultraviolet
light [8,9].

LNMO has Ni2+ (d8 : t6
2ge2

g, S = 2/2) and Mn4+ (d3 :
t3
2ge0

g, S = 3/2) ions ordered between crystallographic B´ and
B´´ sites of the double perovskite structure, and undergoes
a paramagnetic-ferromagnetic transition at ∼280 K [5]. The
structure of bulk and thin film LNMO is monoclinic (P21/n)
at low temperatures. It transforms to rhombohedral (R3̄) at
high temperature but the two structures coexist over a wide
temperature range, including room temperature [5,10–12].
Based on Kanamori-Goodenough rules [13], the ferromag-
netic ordering is due to the presence of 180° Ni2+-O-Mn4+
superexchange bonding between an empty Mn4+ eg orbital

and the half-filled d orbital of an adjacent Ni2+ ion [14].
Deviations of the Ni–O–Mn bond angle from 180° do not
appear to affect this fundamental aspect of the magnetic
behavior [5].

As well as being ferromagnetic near room temperature,
LNMO is in principle ferroelastic, giving it two of the ferroic
properties that make up single-platform multiferroics. Lower-
ing of the symmetry from the ordered parent cubic (Fm3̄m)
structure is due to octahedral tilting transitions which occur as
a consequence of the small size of La3+ in comparison with
the sizes of NiO6 and MnO6 octahedra. Thus, LNMO falls
in a class of double perovskites which has close analogies,
for example, with Sr2FeMoO6 (SFMO), La2CoMoO6, and
La2FeMoO6 (LFMO). In general, a key issue for the proper-
ties and structural evolution of these systems is the strength of
structural and magnetic order parameter coupling with strain
since this affects not only the strength and form of coupling
between the order parameters but also the dynamics and in-
teractions of their transformation microstructures. Analysis of
strain/order parameter coupling associated with the improper
ferroelastic transition at ∼420 K in SFMO has shown that
the ferromagnetic order parameter couples only with volume
strain [15]. It exhibits weak magneto-structural coupling, with
very closely similar structural and Curie temperatures, but the
magnetic properties, electronic properties, microstructures,
Curie temperature, and structural transition temperature can
still be tuned by the choice of strain imposed from a sub-
strate [16–20]. The phase stability, magnetic, dielectric, and
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electronic properties of LNMO thin films can also be modified
by the substrate [4,11,21–30], to the extent that they can be
engineered to become ferroelectric [14].

Given the importance of strain relaxation effects associated
with multiple phase transitions, it is surprising that these
have not been investigated for LNMO in relation to its fer-
roic/multiferroic properties near room temperature. Although
spin-phonon coupling has been observed by Raman spec-
trum [31], there appear to be no previous studies of either
magnetolastic coupling or the influence of ferroelastic twin
walls. The primary objective of the present study was to
fill this gap by investigating static and dynamic aspects of
strain relaxation associated with the magnetic transition using
resonant ultrasound spectroscopy (RUS). RUS data obtained
from a polycrystalline sample have been used, firstly, to char-
acterize ∼40% stiffening of the shear modulus associated with
the paramagnetic-ferromagnetic transition and, secondly, to
correlate acoustic loss dynamics with dielectric spectroscopy
measurements in a similar temperature/frequency range and
AC magnetic data at lower measuring frequencies. These cor-
relations provide further insights into the pervasive influence
of strain coupling on both intrinsic and extrinsic effects at
phase transitions in double perovskites [15,32] across wide
intervals of temperature. The starting point is a brief review
of the known structure-property relations of LNMO. A formal
analysis of strain coupling from the perspective of symmetry
is given in an appendix.

II. VARIABILITY IN STRUCTURE-PROPERTY
RELATIONS

Bulk samples of La2NiMnO6 typically contain a mix-
ture of monoclinic (P21/n) and rhombohedral (R3̄) crystals
with a range of degrees of B-site order at room temperature
[5,12,33,34]. The proportion of the rhombohedral phase varies
between ∼25 and ∼70% [10,33–39], and it appears that
increasing oxygen fugacity favors a higher proportion of the
monoclinic structure [37].

The expected transition sequence with decreasing tempera-
ture is Fm3̄m → R3̄ → P21/n due to octahedral tilting which
is exactly analogous to the sequence Pm3̄m → R3̄c → Pnma
of many single (ABO3) perovskites [40,41]. Order parameters
for the tilting transitions are X +

3 and �+
4 with respect to

the parent Fm3̄m structure, as opposed to M+
3 and R+

4 with
respect to the parent Pm3̄m structure. The proportion of the
monoclinic phase has been reported to be 100% at 3.5 K [5].
An anomaly in the heat capacity at ∼648 K reported by Bull
et al. [12] is believed to mark the temperature of the first-order
transition between rhombohedral and monoclinic structures,
consistent with the disappearance of the monoclinic structure
from diffraction patterns collected at temperatures of 673 K
and above [37]. The structure remains rhombohedral up to at
least 1073 K, the highest temperature so far reported [37].
Analysis of the lattice parameter data of Sayed et al. [37]
in terms of formal strains and their coupling with order
parameters for ferromagnetic ordering and octahedral tilting
shows that the cubic-rhombohedral transition is likely to
be second order in character at an extrapolated transition
temperature of ∼1880 K [39]. Evolution of the shear strain
e4 indicates that coupling between the tilt order parameters

and the ferromagnetic order parameter is unfavorable in the
rhombohedral structure [Appendix, Fig. 9(b)].

It is well understood that the stoichiometry of bulk LNMO
samples can show substantial deviations from ideal stoichiom-
etry, which may be expressed as La2MnNiO6+δ, with the un-
derstanding that the apparent excess oxygen is achieved by the
introduction of cation vacancies [10,33,36,42]. Reported val-
ues of δ are predominantly in the range 0.05–0.15 [10,33,36],
implying that the proportion of vacant cation sites could be
∼10%. Such variations are not invariably present, however, as
Joseph Joly et al. [35] determined that their samples produced
by both high and low-temperature routes were stoichiometric
within experimental uncertainty. The possibility of oxygen
vacancies has also been suggested on the basis of a large
reduction in the value of the dielectric constant of samples
annealed in oxygen in comparison with those which had been
annealed in air or nitrogen [37].

A further factor which depends on synthesis conditions
is the balance of the reaction Ni2+ + Mn4+ ↔ Ni3+ + Mn3+
[10]. Aside from the influence on magnetic properties,
this is important because Mn3+ is Jahn-Teller active and
can therefore introduce additional distortions locally in the
structure. Measurements by x-ray photoluminescence spec-
troscopy (XPS) have revealed the presence of Mn3+ in some
samples and charge balancing requires the presence also
of Ni3+. For example, up to ∼30% of the Mn in samples
prepared by a conventional high-temperature synthesis in air
has been found to be Mn3+ [34]. Sayed et al. [37] reported
the presence of Ni2+, Ni3+, Mn3+, and Mn4+ in their sample
annealed in air, and Lan et al. [9] and Joseph Joly et al. [35]
reported Mn3+ in samples produced by a low-temperature
synthesis method. In the case of thin films, at least, it has
been proposed that the charge disproportion reaction favors
Mn3+ + Ni3+ with decreasing oxygen fugacity [43]. There
may not be such consistency in bulk samples, however, as
Choudhury et al. [6] found only Ni2+ and Mn3+ in their
sample, which is presumed to have been heat treated in air, and
Yang et al. [39] had Mn3+ in a sample produced by annealing
in oxygen.

Bulk samples display two distinctly different patterns of
dielectric properties. One is of a frequency-dependent Debye-
like dielectric loss (tanδ) peak in the temperature range
∼130 K (4 kHz)– ∼210 K (1 MHz), and the second is a
further steep increase at higher temperatures [6,7,44]. These
are associated with variations of the dielectric constant, ε‘,
from values on the order of ∼100 or less below ∼150 K up
to at least ∼4000 [6] or ∼20 000 [7,44] at 300 K. Activa-
tion energies in the vicinity of ∼0.15–0.2 eV extracted for
the loss process were interpreted as being consistent with a
mechanism involving asymmetric hopping of charge carriers
between Ni2+ and Mn4+ in the applied electric field. The
sample of Lin et al. [44] had been sintered in air at 1523 K and,
although this is not specified, the samples of Choudhury et al.
[6] and Chandrasekhar et al. [7] are presumed also to have
been synthesized in air. Sayed et al. [37] reported similarly
high values of ε′ in the same temperature interval, although
without the discrete peaks in tanδ, for a sample synthesized in
air at 1523 K followed by annealing in air at 1123 K. However,
following annealing at 1123 K in oxygen, the highest values
of ε′ reduced to ∼200 and the tanδ values dropped by nearly
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FIG. 1. (a) Summary of literature data for the magnetic phase
transition temperature, Tc, degree of B-site cation order, Qod, and
saturation magnetization measured at low temperature, Ms, of film
and bulk samples [4,10,11,13–31]. The straight line is a fit to the
data with values of Ms between 0.9 and 4.96 and corresponds to
Ms/Msat = Qod if the value of Msat is taken to be 5.0. (b) Summary of
literature data for Tc and grain size, d , of nanoscale particle samples
[26,29,30].

two orders of magnitude. It was concluded that the relaxorlike
behavior, with high dielectric constant and high loss, must
arise predominantly from the response of oxygen vacancies.
Kumar et al. [38] have also reported relatively high values of
ε′, up to ∼2000, for a sample which had been annealed at
1400 °C, presumably in air. Additional changes of dielectric
properties occur in response to an applied magnetic field [5–7]
but equivalent measurements on bulk samples prepared by
annealing in oxygen do not yet appear to have been reported
in the literature.

The theoretical saturation magnetization value is Msat =
5μB per formula unit, while experimentally determined sat-
uration values, Ms, are in the range 0.9–5.2 μB [5–7,11,12,14,
21–26,31,37,44–51]. It has been shown that Ni/Mn ordering
is the dominant factor in determining the value of Ms in a
given sample [26]. A compilation of data from the literature
[Fig. 1(a)] confirms that the relationship with the B-site cation
order parameter, Qod, is Ms/Msat = Qod, where Qod has been
defined as (1−2xAS) and xAS is the proportion of Ni on the
Mn site and of Mn on the Ni site. On the other hand, the

FIG. 2. Arrhenius plot of AC magnetic and dielectric data: τ is
the relaxation time and Tmax is the temperature at which χ ′′ or tanδ

has a maximum value at each measuring frequency. The straight-
line fit to the χ ′′ data for a sample with Qod = 0.6 from Fig. 1 of
Choudhury et al. [6] has slope 862 ± 75 K, intercept −18.0 ± 1.3.
Blue triangles mark approximate values of Tmax for closely similar
χ ′′ peaks in Fig. S2 of Yang et al. [39] for the sample used in the
present study (Qod = 0.77). The dotted line is an extrapolation of the
fit to the AC magnetic data. The green line is a fit to the tanδ data of
Lin et al. [44] and has slope 1857 ± 41 K, intercept −24.3 ± 0.3.
Black squares are relaxation times from a peak in the temperature
dependence of acoustic loss (Q−1) from RUS, from Fig. 8 below.

Curie temperature, Tc, remains close to 280 K more or less
independently of Ms and Qod when the grain size is larger
than 60 nm [Fig. 1(a)]. Lower values of Tc framed by the red
dotted lines in Fig. 1(a) are due to reducing particle size [47],
d . Data from the literature [47,49,50] compiled in Fig. 1(b)
show the relationship between Tc and d explicitly as Tc =
148 + 2.22d K, for d < 60 nm. It should be noted that the
individual particles may consist of one or more crystals, and
that the crystals may be separated by large angle boundaries
and may have interfaces that are amorphous or crystalline.

The influence of Ni/Mn disorder on magnetic properties
could also result in the development of a proposed reentrant
spin glass at low temperatures, due to magnetic frustration as
the proportion of antiferromagnetic Ni2+-O-Ni2+ and Mn4+-
O-Mn4+ interactions increases. Evidence for possible glassy
freezing of spins has been provided by a frequency-dependent
peak in the imaginary component, χ ′′, of the response to an
AC magnetic field in the vicinity of 50 K [6,33,38,39], and
by aging/memory effects at low temperatures arising during
interrupted heating sequences [6]. However, Blasco et al.
[33] found no anomalies in structural parameters or magnetic
moments in refinements of neutron powder-diffraction data
and, on this basis, concluded that a reentrant transition from
a ferromagnetic phase to a spin glass does not occur. From
the data of Choudhury et al. [6], the temperature at which
there is a peak in χ ′′ varies between ∼45 and ∼70 K for the
frequency range ∼1–500 Hz. These results are reproduced
in Fig. 2, to show that they may be approximated by the
Arrhenius relationship, τ = τoexp(Ea/RTmax), where τ is the
relaxation time, τo is a constant, Ea is an activation energy,
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R is the gas constant, and Tmax is the temperature where χ ′′
has its maximum value for a given frequency. The peak in
χ ′′ is assumed to correspond to the point at which ωτ = 1,
where the angular frequency, ω, and the measuring frequency,
f , are related by ω = 2π f . The straight-line fit to the data
has τo = 2.5 × 10−9 s and Ea/R = 862 ± 75 K (Ea ∼ 0.07 ±
0.01 eV). This activation energy is smaller than values in the
range ∼0.15–0.2 eV reported from dielectric measurements.
A direct comparison is provided in Fig. 2 by the addition
of data for the temperatures at which tanδ has a maximum,
from Lin et al. [44] and Choudhury et al. [6]. They define
a linear trend with τo = 2.8 × 10−11 s and Ea/R = 1857 ±
41 K (Ea ∼ 0.16 ± 0.01 eV).

III. EXPERIMENTAL METHODS AND SAMPLE
CHARACTERIZATION

A. Synthesis

The sample of LNMO used in the present study has
previously been described in the Supplemental Material of
Yang et al. [39]. Reagent-grade La2O3 (AR), MnO2 (AR),
and NiO (AR) were used as starting materials for the conven-
tional solid-state reaction method of synthesis. Stoichiometric
amounts of La2O3, MnO2, and NiO were mixed in ethanol
for 6 h in an agate ball mill. After drying at 353 K for 12 h,
the powder was ground and then calcined at 1573 K for 6 h
in pure oxygen, with an intermediate grinding stage. The
resulting powder was pressed uniaxially at 25 MPa to produce
a pellet with 10-mm diameter and thickness ∼2 mm, which
was sintered at 1573 K in pure oxygen for 6 h. A rectangular
parallelepiped with dimensions 5.158 × 2.663 × 0.832 mm3

and mass 0.0441 g was cut from the sintered pellet for RUS
measurements. The sample used for magnetic measurements
was cut from another part of the same pellet, and had mass
0.0523 g.

B. Sample characterization

Scanning electron microscope images of the surface of the
ceramic pellet have been given in the Supplemental Material
of Yang et al. [39]. They show a porous microstructure
containing individual, angular grains with sizes typically in
the range 100–500 nm, i.e., well above the range of d values
in Fig. 1(b) at which Tc reduces below ∼280 K. Elemental
distribution maps of La, Ni, Mn, and O obtained with a Bruker
Nano GmbH energy-dispersive x-ray spectrometer showed
La, Ni, Mn, and O to be distributed homogeneously in the
majority of grains. Ni-rich regions were attributed to NiO and
La-rich regions to the possible presence of amorphous La2O3.
Individual point analyses of perovskite grains gave La, Ni,
Mn, and O in approximate proportions 2:1:1:6.5. This is by
no means an accurate determination of the oxygen content but
it is consistent with data from the literature which imply an
oxygen excess and, hence, the presence of cation vacancies
[10]. Fitting of the Mn 2p peaks in XPS spectra (Fig. S4 of
Yang et al. [39]) yielded an estimate of the proportion of Mn
with charge 3+ as 8%.

Rietveld refinement of powder x-ray-diffraction data in-
dicated that three crystalline phases were present at room
temperature: 62.6% rhombohedral (R3̄) perovskite, 35.7%

monoclinic (P21/n) perovskite, and 1.7% NiO [39]. Lat-
tice parameters determined for the monoclinic phase were
a = 5.4403(5) Å, b = 5.4759(8) Å, c = 7.7379(5) Å, β =
88.926(7)◦, and for the rhombohedral phase a = 5.4751(3) Å,
α = 60.259(5)◦. Because Ni and Mn have similar scattering
factors, it is not possible to determine the B-site occupancies
from powder x-ray-diffraction data. However, the value of Ms

obtained from DC magnetic measurements at 2 K was 3.87 μB

per f.u. [39] which, from the correlation in Fig. 1(a), implies
Qod = 0.77.

DC magnetic susceptibility data collected as a function of
temperature between 2 and 400 K in a 50 Oe field, using
a Quantum Design MPMS superconducting quantum inter-
ference device magnetometer, were consistent with a single
paramagnetic-ferromagnetic transition at Tc ≈ 285 K [39].
The coercivity, Hc, and remnant magnetization, Mr, at 2 K
from measurement of a magnetic hysteresis loop to +/−7 T
were 23.5 mT and 0.83 μB per f.u., respectively [39]. AC
magnetic measurements made at 5 and 500 Hz contained
peaks in χ ′′ at ∼49 and ∼67 K, respectively. These were
closely similar in form to those reported in Choudhury et al.
[6] and plot close to the trend shown in Fig. 2. A peak in
χ ′′ occurs just below the magnetic transition point (inset in
Fig. 1(d) of Yang et al. [39]), as seen also in the data of
Choudhury et al. [6].

Dielectric spectra have not been collected from the present
sample but, from comparison with the results of Sayed et al.
[37] for the influence of oxygenation, they are not expected
to have any dielectric loss peaks below room temperature.
Increasing dielectric loss with increasing temperature above
∼220 K at measuring frequencies of 1 kHz–1 MHz would be
expected, however (Fig. 11(b) of Sayed et al. [37]).

C. Raman spectroscopy

Raman spectra were collected using a LABRAM-HR Evo-
lution confocal laser micro-Raman spectrometer in backscat-
tering geometry, using the 514-nm line of an Ar-ion laser
with spectral resolution of 0.5 cm−1. The spectrometer
was equipped with a liquid-nitrogen-cooled charge-coupled-
device detector and heating stage. Phonon frequencies and
widths at half maximum height were determined using a
Lorentzian fit function for the stretching mode, the anti-
stretching or/and bending modes, and two-phonon scattering
(∼1100–1500 cm−1) peaks via the software package IGOR PRO

6.37 (WaveMetrics).

D. Resonant ultrasound spectroscopy

The RUS method for measuring elastic and anelastic prop-
erties of samples with dimensions of up to a few millimeters is
explained in detail elsewhere in the literature [52–57]. The ba-
sic principle is that acoustic resonances of a millimeter-sized
object, excited by one piezoelectric transducer and detected by
a second, have frequencies, f , which depend on its elastic con-
stants. Most resonance modes involve predominantly shearing
motions so that, for a polycrystalline sample, changes in f 2

from individual resonance peaks yield information on varia-
tions of the shear modulus. Acoustic loss is measured through
the influence on peak widths and is expressed in terms of the
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inverse mechanical quality factor, Q−1. In RUS experiments,
Q−1 is usually taken to be represented by � f / f , where � f is
the peak width at half maximum height.

Details of the RUS instruments used in the present study
are also given elsewhere [53,54]. For temperatures in the
range ∼5–305 K, the LNMO parallelepiped was placed with
opposite faces in direct contact with the two piezoelectric
transducers at the end of a stick which was lowered into
a helium flow cryostat [58]. Spectra were collected with
Dynamic Resonance System “modulus II” electronics. For
data collection at temperatures above room temperature, the
sample was placed across a pair of corners between the tips
of two horizontal alumina buffer rods which were inserted
into a resistance furnace [59]. In this setup the transducers are
situated on the ends of the buffer rods, outside the furnace, and
Stanford electronics are used to collect the spectra [57]. Indi-
vidual spectra containing 65 000 data points in the frequency
range 100–1200 kHz (low T) or 50–1200 kHz (high T) were
obtained in automated heating and cooling sequences, with a
dwell time of 20 min to allow for thermal equilibration before
initiating data collection at each set point. Values of f and � f
were determined by fitting an asymmetric Lorentzian function
to selected peaks in the resulting spectra, using the software
package IGOR PRO 6.37 (WaveMetrics).

IV. RESULTS

A. Raman spectroscopy

At room temperature, the Raman spectrum of the bulk
sample was qualitatively similar to those shown previously
in the literature for LNMO and related double perovskites
[34,38,60,61]. Figure 3(a) includes primary spectra collected
in the temperature range 80–650 K, from which it is clear
that the dominant features are strong peaks at ∼640 and
∼530 cm−1 [Fig. 3(b)]. The mode at 640 cm−1 is due to
stretching (“breathing”) vibrations of the (Ni, Mn)O6 oc-
tahedra, while the 530-cm−1 mode involves antisymmetric
stretching and/or bending [11,62]. In reality, these two broad
peaks are made up of overlapping peaks from the R3̄ and
P21/n structures [48,61,62].

Conventional hard-mode spectroscopy gives the relation-
ship between an order parameter, q, changes in frequency,
�(ω2), and changes in linewidth, ��, of peaks in Raman
and IR spectra as �(ω2) ∝ �� ∝ Aq2 + Bq4, with the normal
expectation that B is small [63–65]. For small changes in
frequency, the variation of �(ω2) can be approximated as the
variation of �ω [65]. The relationship between phonon fre-
quencies and magnetization, �ω ∝ M2, has also been shown
to apply in the case of Raman modes of LNMO by Iliev et al.
[11], based on the model of Granado et al. [66] and Lavadière
et al. [67]. With these relationships in mind, values of ω

and � have been obtained by fitting the three main peaks in
Fig. 3. The trends of both parameters do show some changes
below Tc (Fig. 4) but not quite as expected in comparison
with the observations of Barbosa and Paschoal [61] for a
polycrystalline sample of La2NiMnO6 and of Iliev et al. [62]
for a thin film of La2CoMnO6. The difference arises from the
fact that, in both of the latter works, it was possible to fit
individual peaks within the overlapping groups which make

FIG. 3. (a) Raman spectra of La2NiMnO6 double perovskite in
the temperature range 80–650 K, stacked in proportion to the tem-
peratures at which they were collected. (b) Segments of the spectra
in the vicinity of the magnetic ordering transition. The spectrum in
black was collected at 290 K.

up the peaks at ∼530 and ∼670 cm−1. These have widths of
∼10–20 cm−1 [38,48,61], rather than ∼50–70 cm−1 as shown
in Fig. 4. The frequency and peak width variations are strongly
influenced by relative shifts in frequency of overlapping peaks
rather than from the individual peaks themselves. They never-
theless confirm that there is coupling between phonons and the
magnetic order parameter, which probably arises via lattice
distortions that accompany the magnetic ordering. Values of
ω and � for individual phonon modes reduce with falling
temperature through Tc [61].

B. Elastic and anelastic behavior

Illustrative segments of primary RUS spectra collected dur-
ing heating (red) and cooling (blue) through the temperature
interval ∼5–305 K are shown as stacks in Fig. 5, with offsets
up the y axis in proportion to the temperatures at which
they were collected. The main features are a reduction in the
resonance frequencies of all peaks (elastic softening) as the
temperature increases and an interval of broadening between
∼100 and ∼250 K. Figure 6 contains segments of spectra col-
lected subsequently in the high-temperature instrument during
heating (red) and cooling (blue) between room temperature
and 825 K, again stacked in proportion to the temperature
at which they were collected. Relatively broad peaks which
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FIG. 4. Variations of phonon frequencies, ω, and individual peak
half-widths, �, from the Raman spectra shown in Fig. 3. A dashed
black line represents the Curie temperature, shown here as being at
280 K. Error bars are ± 1σ from peak fitting.

show significant temperature dependence are from the sample,
while peaks which show little or no change in frequency with
temperature are from the buffer rods. At room temperature
and up to ∼500 K in the heating sequence [Fig. 6(a)] there are
no obvious resonance peaks from the sample in the frequency
range shown, although some of the rod peaks have enhanced
amplitudes due to convolution with sample resonances that
are too weak to be appear directly in the spectrum. Distinct
sample resonances in the higher range of temperatures, such
as at ∼180–190 kHz above ∼500 K, show a weak, nonlinear
temperature dependence. In the cooling sequence [Fig. 6(b)]
this pattern is reversed, but resonances from the sample reap-
pear below ∼450 K.

Figure 7 contains a compilation of f 2 and Q−1 data from
individual resonance peaks that could be followed through-
out most of the full temperature range over which spectra

FIG. 5. Segments of RUS spectra for the polycrystalline sample
of La2NiMnO6 from the low-temperature instrument. The left axis
is amplitude (volts) but the spectra have been offset in proportion to
the temperature at which they were collected and the axis labeled as
temperature. There is a distinct interval between ∼100 and ∼250 K
where the resonance peaks show marked broadening. (a) Cooling in
10-K steps. (b) Heating in 5-K steps.

were collected. Values of f 2 from peaks in spectra from
the low-temperature instrument have been scaled so that
they all overlap, confirming a consistent pattern of softening
of the shear modulus with increasing temperature. f 2 data
from the heating sequence of the high-temperature instru-
ment were scaled so that they match the values from the
low-temperature instrument at room temperature. There is a
small hysteresis between heating and cooling in the high-
temperature measurements such that the value of f 2 at room
temperature was ∼4% lower after heating to 825 K than
before. This gives the appearance in Fig. 7 of there being
a small discontinuity at room temperature, whereas the data
are in fact consistent with a continuous variation through the
heating sequence from ∼5 to ∼825 K. A small hysteresis in f 2

values is also evident between ∼800 and 600 K where values
for the cooling sequence show that the sample was slightly
stiffer than it had been during heating. A vertical broken line is
shown at 280 K for the approximate position of the magnetic

014304-6



MAGNETOELASTIC COUPLING BEHAVIOR AT THE … PHYSICAL REVIEW B 100, 014304 (2019)

FIG. 6. Segments of RUS spectra from the high-temperature
instrument. As in Fig. 5, the spectra have been offset up the y axis
in proportion to the temperature at which they were collected and
the axis relabeled as temperature. Resonance peaks which do not
shift in frequency with changing temperature are from the alumina
buffer rods and are indicated by arrows. Peaks which show a clear
temperature dependence, such as the peak with frequency variations
in the range 180–200 kHz, are from the sample. (a) Heating in
∼10–15-K steps. (b) Cooling in ∼10–15-K steps. In the heating
sequence, resonance peaks first appeared at ∼500 K. In the cooling
sequence, the pattern is reversed except that some weak sample peaks
become visible below ∼450 K. Resonance peaks from the buffer rods
were enhanced where they interacted with broad resonances of the
sample which would not otherwise be visible.

ordering temperature. There is no obvious discontinuity at this
temperature. Instead, there is an increase in the slope of f 2

with falling temperature, indicative of an increased stiffening
of the shear modulus which amounts to ∼40% between ∼300
and ∼5 K. There is no overt anomaly in either f 2 or Q−1

near 650 K, which is the temperature at which an exothermic
reaction was reported by Bull et al. [12] and which may
have marked the temperature of the hexagonal-monoclinic
transition.

Figure 7 also shows a distinctive pattern of acoustic loss
in both the heating and cooling sequences. As seen in detail
for selected resonance peaks in Fig. 8, Q−1 is ∼0.002 at
∼5 K, increasing to ∼0.04 in the interval ∼210–260 K, before

FIG. 7. Variations of the square of the frequency, f 2, and inverse
mechanical quality factor, Q−1, for selected resonances from the
primary resonance spectra. Labels refer to the approximate frequency
at room temperature for which the data are given. f 2 values from the
low-T instrument have been scaled so that they all overlap closely be-
tween ∼5 and 300 K. Uncertainties from peak fitting are on the order
of or smaller than the symbols for f 2 and are shown, conservatively,
as ± 0.001 for Q−1. The variation of f 2 appears to be continuous on
heating through the magnetic transition, the approximate position of
which is indicated by a dashed vertical line at 280 K. f 2 values in
heating sequences from the high-T instrument have been scaled so
that they match the low-T values at room temperature but a slight
hysteresis on subsequent cooling results in a difference of ∼4% at
300 K so that it appears as though there is a discontinuity. Resonance
peaks of the sample were not detected directly in the high-T spectra
between 300 and ∼450 K, although their influence can be seen as an
enhancement of resonances from the buffer rods. Sample resonances
reappeared in the heating sequence and show steeply reducing values
of Q−1 in the interval 470–550 K, above which there is a steady
baseline. On cooling, sample resonances disappeared at ∼650 K and
reappeared below ∼400 K, although their low amplitudes resulted in
a large scatter of the measured peak widths. With falling temperature
below 300 K, values of Q−1 have an overall pattern of first increasing
and then decreasing to ∼0.003 at ∼5 K.

reducing again. There does not appear to be any obvious
additional anomaly specifically at the magnetic transition
temperature. Sample resonances were not detected directly
as peaks in spectra collected during heating from room tem-
perature to ∼440 K because of additional attenuation due to
the alumina buffer rods in the high-temperature instrument.
The first sample resonance appeared at ∼440 K and was
well enough defined to allow fitting above ∼480 K. This
reduced in width steeply with increasing temperature, reach-
ing a steady baseline of Q−1 ≈ 0.05–0.1 at ∼550 K. In the
cooling sequence, the same resonance peak (at ∼260 kHz)
was not detectable between ∼650 and ∼450 K. There is noise
in the measured values of Q−1 shown near 400 and 300 K
in Fig. 7 but the peak was certainly broad in comparison
with its width at higher temperatures. These observations
indicate strong attenuation in the interval ∼300–500 K during
heating and in the interval ∼650–400 K during cooling. This
hysteresis and that seen also in f 2 values are most likely to
have been a consequence of changing stoichiometry resulting

014304-7



YANG, LAMPRONTI, HAINES, AND CARPENTER PHYSICAL REVIEW B 100, 014304 (2019)

FIG. 8. Variations of Q−1 for selected resonances below room
temperature. Uncertainties from peak fitting are shown, conserva-
tively, as ± 0.001. Solid lines are fits of Eq. (1) to the data, using a
constant baseline of Q−1 = 0.003 and with the value of r2(β ) set at 1.

from annealing the sample in air at temperatures up to ∼825 K
over a total period of a few days during the data collection.

The simplest interpretation of rounded peaks in Q−1 as a
function of temperature is that they are due to a thermally
activated loss mechanism which can be described by the
Debye equations. A standard fitting procedure for acoustic
data makes use of the expression [15,68–73]

Q−1(T ) = Q−1
m

[
cosh

{
Ea

Rr2(β )

(
1

T
− 1

Tm

)}]−1

, (1)

where R is the gas constant, Tm is the temperature at which
the maximum value of Qm, Q−1

m , occurs, Ea is an activation
energy, and r2(β ) is a width parameter which describes the

spread of relaxation times. Figure 8 shows fits for Q−1 from
three different resonances with the value of r2(β ) set at 1,
corresponding to a single relaxation time at each tempera-
ture. The curve shown for 240 kHz (heating) was poorly
constrained and was assumed to have Tm = 260 K, but the
data for resonances with frequencies near 450 and 490 kHz
are well represented by this treatment. The activation energies
from the latter two peaks under the assumption of r2(β ) = 1
are 958 ± 93 and 979 ± 51 K (Ea ∼ 0.08 ± 0.01 eV).

Tm and relaxation time, τ = 1/2π f , values from the fits for
∼450 and ∼490 kHz have been added to Fig. 2 to show that
they plot close both to measurements of tanδ from dielectric
spectroscopy and to a linear (Arrhenius) extrapolation of χ ′′
from AC magnetism. If the acoustic loss arises from the same
mechanism as the dielectric loss, the activation energy must be
∼0.16 eV, giving r2(β ) ≈ and implying a spread of relaxation
times. On the other hand, the activation energy for acoustic
loss with r2(β ) = 1 is indistinguishable from 0.07 ± 0.01 eV
from AC magnetism. Thus the acoustic loss could be related
to either or both. The only caveat is that Tm should increase
with increasing frequency for a thermally activated process
and the Q−1 data have Tm decreasing instead (Fig. 8). This
might also be due to overlapping contributions from a further
loss mechanism, such as critical slowing down, associated
with the transition point itself. In this context, it is notable
that there is also a peak in χ” at ∼255 K which does not vary
with frequency [6].

V. DISCUSSION

On the basis of the strain analysis presented in the Ap-
pendix, octahedral transitions in LNMO appear to be typical
of the way that the two classical tilt systems of perovskites
develop. The cubic-rhombohedral transition is expected to be
second order in character with, by extrapolation, a transition
temperature of ∼1880 K. The second tilt system develops at
a first-order transition which has not yet been fully character-
ized but appears to be in the vicinity of ∼650 K. The only
unusual feature is the wide temperature interval over which
the rhombohedral and monoclinic phases coexist. This may
well account for the absence of any obvious acoustic anoma-
lies associated with the rhombohedral-monoclinic transition.
Development of the second tilt system (Imma→Pnma) in the
single perovskites SrZrO3 and BaCeO3 is accompanied by an
increase in the shear modulus [74,75]. In Ca0.7Sr0.3TiO3 the
I4/mcm→Pnma transition is barely detectable in the evolution
of the shear modulus [76]. For LNMO any increase in shear
modulus due to the R3̄ → P21/n transition would be smeared
out over a wide temperature interval due to the two-phase
coexistence. This stiffening may be reflected in the increase
of f 2 by ∼30% between 650 K and room temperature for all
resonances (Fig. 7), although part of this stiffening must be
due to the normal effects of thermal expansion.

Variations in the anelastic properties of LNMO above room
temperature are also consistent with typical perovskite behav-
ior in displaying high acoustic loss which can be attributed to
the mobility of ferroelastic twin walls. RUS measurements of
single crystals of LaAlO3 have shown that high attenuation
reduces steeply below ∼500 K where twin walls in the rhom-
bohedral structure become pinned [77]. On the basis of a value
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of ∼0.9 eV for the activation energy, the thermally activated
pinning mechanism had previously been understood to be due
to interaction of the walls with oxygen vacancies [78]. RUS
data for a ceramic sample of SFMO show a peak in Q−1

between 300 and 400 K with an estimated activation energy
of �0.65 eV, consistent with essentially the same pinning
process in the rhombohedral phase [15]. Although it has not
been possible to extract an activation energy in the case of
LNMO because the loss becomes too great, the interval below
∼550 K where attenuation increases steeply is most likely
to be due to the same immobilization of ferroelastic twin
walls by interaction with defects. Some sensitivity to oxygen
content is seen in the upward shift of this freezing interval
following the heating cycle up to 825 K in air of the initially
oxygenated sample.

The strain data below Tc show a trend of reducing values
of e4 in the rhombohedral phase with falling temperature
[Fig. 9(b)]. Equation (A14) requires that coupling of shear
strain with the magnetic order parameter, λe4qm

2, has oppo-
site sign from coupling with the order parameter for parameter
for �+

4 tilting, λe4qt
2. It follows that coupling between the two

order parameters, λqt
2qm

2, is unfavorable, such that increases
in magnetic order must cause a reduction of the octahedral
tilting. The evolution of e6 for the monoclinic structure has the
same dependence on the magnetic and tilt order parameters as
e4 of the rhombohedral structure [Eq. (A10)] and the same
reversal in trend below Tc [Fig. 9(b)], indicating that the same
unfavorable coupling persists. An immediate consequence of
linear-quadratic coupling, λeq2, which applies also to volume
strains, is that the elastic constants would be expected to show
steplike softening below Tc, as occurs, for example, at the
antiferromagnetic transition in CoF2 [79]. Instead, for LNMO
there is a break in slope of f 2 followed by stiffening of
up to ∼40% (Fig. 7), with a form that is closely similar to
that previously found below ∼160 K in LFMO (Yang et al.,
2019 [80]). The implication is that either the timescale for
relaxation of the order parameter in response to a change in
strain is large in comparison with the timescale of the applied
stress, or some other blocking process occurs. Stiffening or
softening proportional to q2 will still occur via a biquadratic
term, λe2q2 which is always allowed, however (see, for exam-
ple, Carpenter and Salje [81]). The outcome for LNMO is that
the stiffening has the same form of variation as qm

2 seen for a
thin film [11] and as the change in frequency of a Raman mode
from a polycrystalline sample [61]. In other words, changes in
elastic constants which contribute to the shear modulus scale
with qm

2, due to coupling of the form λe2qm
2.

The temperatures and relaxation times extracted from
peaks in the temperature dependence of Q−1 lie close to
linear extrapolations of fits to data for peaks in χ ′′ from AC
magnetism (Fig. 2 above; Fig. 10 of Yang et al., 2019 [80]).
One possibility is that both loss processes are due to the
mobility of boundaries between magnetic clusters associated
with the reentrant glass transition proposed by Choudhury
et al. [6] and Kumar et al. [38]. However, this appears to
be ruled out for LNMO in the light of the conclusion of
Blasco et al. [33] that results from refinement of structural
parameters and magnetic moment are not consistent with a
reentrant glass transition. A second possible correlation is that
both the magnetic and the acoustic loss behavior are due to

the thermally activated pinning of magnetic domain walls,
as suggested by Blasco et al. [33]. For this to be the case,
it is necessary that there should be both strain contrast and
a change in the orientation of magnetic moments across the
walls. Ferroelastic twin walls are typically a few unit cells
thick (e.g., Chrosch and Salje [82], Hayward et al. [83])
and their mobility in the conditions of low applied stress
and kHz-MHz frequencies of an RUS experiment is probably
by displacement of ledges within the walls [84,85]. Local
motion of ledges at a ferroelastic twin wall within or cross-
ing a magnetic domain boundary below the main freezing
temperature could give rise to changes in moment because
of the coupling between the magnetic and ferroelastic order
parameters. The unfavorable coupling between the two would
ensure that, because the shear strain and tilt order parameters
tend to zero at the center of a ferroelastic twin wall, the local
degree of magnetization will be higher within the walls than
in the matrix. The resulting motion of ledges could resemble
that of local moments with a strain cloud, and the activation
energy of ∼0.07 eV from Fig. 2 is similar to values in the
vicinity of ∼0.1 eV discussed for the relaxation behavior of
magnetic polarons in LaCoO3 by Zhang et al. [86]. A recent
observation of glasslike dynamics of polar domain walls in
SrTiO3 [87] shows that aging/memory effects can arise by
motion of domain walls in a heterogeneous medium. Similar
effects might account for the glassy aging behavior observed
by Choudhury et al. [6] in LNMO, with magnetic and charge
heterogeneity arising from Ni/Mn disorder and/or variations
of magnetic moments locally at ferroelastic twin walls.

A third possibility is that the dielectric and acoustic loss
mechanisms are essentially the same—-hence the overlap of
data for maxima in tanδ and Q−1 shown in Fig. 2. In this case,
the pinning/freezing process must involve local changes in
both strain and electric dipole, with an activation energy of
∼0.16 eV. XPS data [39] indicated that the proportion of Mn
in the 3+ state was ∼8% and, since Mn3+ is Jahn-Teller active
but Mn4+ is not, transfer of charge between Ni2+ and Mn4+
would be accompanied by some local distortion. The charge
transfer would also give rise to changes in local magnetic
states, however, which leads to the most interesting possibility
of all, namely that the extrinsic loss process involves truly
multiferroic responses to externally applied stress, magnetic
and electric fields. The dielectric properties are sensitive to
the oxygen content of the sample, providing a potential means
of tuning these responses. It is worth remembering, also,
that LNMO in thin-film form can be induced to become
ferroelectric [13]. In order to follow up on these aspects in
detail, accurate determinations of the concentrations of Ni2+,
Ni3+, Mn3+, Mn4+, and vacancies, together with their degree
of order, will be required for both bulk and thin-film samples.

VI. CONCLUSION

LNMO is an example of a multiferroic material which
is ferroelastic and ferromagnetic, with significant intrinsic
magnetoelastic coupling in bulk samples and the potential
to become ferroelectric in thin-film form. Coupling between
the structural and magnetic order parameters includes a com-
mon shear strain in the rhombohedral structure and appears
to be unfavorable. This common strain is seen also in the
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spin-lattice coupling identified by Raman spectroscopy. In
addition, LNMO displays significant acoustic, AC magnetic,
and dielectric loss mechanisms which have an extrinsic origin.
One interesting possibility is that the magnetoelastic loss
mechanism is due to interaction between ferromagnetic and
ferroelastic domain walls. An alternative but equally interest-
ing possibility is that the dynamics of charge transfer between
Ni2+ and Mn3+ in the partially disordered involves changes in
local strain, magnetic order, and electric polarization. These
coupled properties can, in principle, be manipulated by the
choice of imposed strain from a substrate, the degree of B-site
cation order, and the control of vacancy concentrations by heat
treatments under oxidizing or reducing conditions.
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APPENDIX: SYMMETRY AND STRAIN ANALYSIS

With respect to a parent structure with space group Fm3̄m,
the active representations for in-phase and out-of-phase tilt-
ing transitions are X +

3 and �+
4 (ISOTROPY Software Suite,

https://iso.byu.edu/iso/isotropy.php).There is only one possi-
ble active representation for ferromagnetic ordering in LNMO
and that is m�+

4 . Each of the order parameters has three
components, q1−q3 for X +

3 , q4−q6 for �+
4 and m1−m3 for

m�+
4 . ISOTROPY gives the following free-energy expansion,

including coupling with strains:

G = 1
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Here a1, a2, b1, etc. are normal Landau coefficients, Ts1 and Ts2

are critical temperatures for the X +
3 and �+

4 tilting instabilities,
Tc is the critical temperature for the magnetic instability, �s1,
�s2, and �s3 are saturation temperatures, λ1, λ2, λ3, λX3+�4+,
λ′

X3+m�4+, etc. are coupling coefficients, and Co
11, Co

12, and Co
44

are elastic constants of the reference cubic phase. Shear strains
e4, e5, e6 lie in the planes YZ, XZ, and XY, respectively, and the
symmetry-adapted strains, ea, eo, and et are combinations of
the linear strain components e1, e2, and e3, as

ea = e1 + e2 + e3, (A2)

eo = (e1 − e2), (A3)

et = 1√
3

(2e3 − e1 − e2). (A4)

Direct coupling between order parameters from the different
irreps is biquadratic, i.e., with the form λq2m2 and λq2q2,
and could also occur indirectly via common strains. Table I
gives solutions for different combinations of order parameter
components with nonzero values, corresponding to different
structural states which can arise due to tilting plus magnetic
ordering in a parent structure which has B-site cation order
and space group Fm3̄m.

The monoclinic structure of LNMO is due to the devel-
opment of in-phase (X +

3 ) and out-of-phase (�+
4 ) octahedral

tilt systems, while the R3̄ structure arises as a consequence
of out-of-phase (�+

4 ) octahedral tilting alone [40,41]. Rogado
et al. [5] have determined that the monoclinic structure is
ferromagnetic with individual moments lined up parallel to
the crystallographic b axis, which corresponds to the [1̄10]
direction of the parent cubic structure. In the absence of any
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TABLE I. Subgroups of space group Fm3̄m1′ for irreps X +
3 , �+

4 and m�+
4 as the active representations.

Subgroup X +
3 �+

4 m�+
4 Lattice vectors Origin

P4/mnc1′ (a,0,0) (0,0,0) (0,0,0) (−1/2,0,1/2),(1/2,0,1/2),(0,1,0) (0,0,0)
P42/nnm1′ (a,0,a) (0,0,0) (0,0,0) (0,1,0),(0,0,1),(1,0,0) (0,0,0)
Pn3̄1′ (a, −a, a) (0,0,0) (0,0,0) (1,0,0),(0,1,0),(0,0,1) (1/2,0,0)
Pnnn1′ (a, b, c) (0,0,0) (0,0,0) (1,0,0),(0,1,0),(0,0,1) (0,0,0)
I4/m1′ (0,0,0) (a,0,0) (0,0,0) (0,1/2,1/2),(0,−1/2,1/2),(1,0,0) (0,0,0)
C2/m1′ (0,0,0) (a, a,0) (0,0,0) (−1/2,1/2,1),(−1/2,−1/2,0),(1/2,−1/2,0) (0,0,0)
R3̄1′ (0,0,0) (a, a, a) (0,0,0) (−1/2,1/2,0),(0,−1/2,1/2),(1,1,1) (0,0,0)
P1̄1′ (0,0,0) (a, b, c) (0,0,0) (0,1/2,1/2),(1/2,0,1/2),(1/2,1/2,0) (0,0,0)
I4/mm′m′ (0,0,0) (0,0,0) (a,0,0) (0,1/2,−1/2),(0,1/2,1/2),(1,0,0) (0,0,0)
Im′m′m (0,0,0) (0,0,0) (a, a,0) (0,0,−1),(−1/2,1/2,0),(1/2,1/2,0) (0,0,0)
R3̄m′ (0,0,0) (0,0,0) (a, a, a) (1/2,0,−1/2),(0,−1/2,1/2),(−1,−1,−1) (0,0,0)
C2′/m′ (0,0,0) (0,0,0) (a, b,0) (0,1,0),(0,0,−1),(−1/2,1/2,0) (0,0,0)
C2′/m′ (0,0,0) (0,0,0) (a, a, b) (1/2,1/2,1),(1/2,−1/2,0),(1/2,1/2,0) (0,0,0)
P1̄ (0,0,0) (0,0,0) (a, b, c) (−1/2,−1/2,0),(−1/2,0,−1/2),(0,−1/2,−1/2) (0,0,0)
I4/m (0,0,0) (a,0,0) (b,0,0) (0,−1/2,−1/2),(0,1/2,−1/2),(1,0,0) (0,0,0)
C2/m (0,0,0) (a, a,0) (b, b,0) (1/2,−1/2,−1),(−1/2,−1/2,0),(−1/2,1/2,0) (0,0,0)
R3̄ (0,0,0) (a, a, a) (b, b, b) (0,−1/2,1/2),(−1/2,1/2,0),(−1,−1,−1) (0,0,0)
C2′/m′ (0,0,0) (a,0,0) (0,b, c) (0,0,−1),(−1,0,0),(0,1/2,1/2) (0,0,0)
C2′/m′ (0,0,0) (a, a,0) (b,−b,−c) (1/2,−1/2,−1),(−1/2,−1/2,0),(−1/2,1/2,0) (0,0,0)
P1̄ (0,0,0) (a, b, c) (d, e, f ) (−1/2,−1/2,0),(−1/2,0,−1/2),(0,−1/2,−1/2) (0,0,0)
R3̄ (a, −a, a) (b, b, b) (0,0,0) (0,1,−1),(−1,0,1),(1,1,1) (0,1/2,1/2)
C2/c (a,0,0) (b,0,0) (0,0,0) (0,0,1),(1,0,0),(0,1,0) (1/4,0,1/4)
P4/m (a,0,0) (0,b,0) (0,0,0) (1/2,0,1/2),(1/2,0,−1/2),(0,1,0) (0,0,0)
P42/n (a,0,a) (b,0,0) (0,0,0) (0,1,0),(0,0,1),(1,0,0) (−1/2,0,−1/2)
P2/c (a, b, c) (d ,0,0) (0,0,0) (0,0,1),(−1,0,0),(0,−1,−1) (0,0,0)
P21/c (a,0,0) (b,0,b) (0,0,0) (−1/2,0,1/2),(−1/2,0,−1/2),(1/2,−1,−1/2) (0,0,0)
C2/m (a,0,a) (0,b, b) (0,0,0) (0,1,−1),(0,1,1),(1,0,0) (0,0,0)
P1̄ (a,0,0) (b, c, d) (0,0,0) (1/2,0,1/2),(1/2,0,−1/2),(0,1,0) (0,0,0)
P1̄ (a, b, c) (d, e, f ) (0,0,0) (0,1,0),(0,0,1),(1,0,0) (0,0,0)
Ccc′m′ (a,0,0) (0,0,0) (b,0,0) (1,0,0),(0,0,−1),(0,1,0) (1/4,0,1/4)
P4/mn′c′ (a,0,0) (0,0,0) (0,b,0) (−1/2,0,1/2),(1/2,0,1/2),(0,1,0) (0,0,0)
P42/nn′m′ (a,0,a) (0,0,0) (b,0,0) (0,0,−1),(0,1,0),(1,0,0) (−1/2,0, 1/2)
Pn′n′n (a, b, c) (0,0,0) (d ,0,0) (0,0,1),(0,1,0),(−1,0,0) (0,0,0)
Pnn′m′ (a,0,0) (0,0,0) (b,0,b) (1/2,0,1/2),(1/2,0,−1/2),(0,1,0) (0,0,0)
Cmm′a′ (a,0,a) (0,0,0) (0,b, b) (0,1,1),(0,−1,1),(1,0,0) (0,0,0)
R3̄ (a − a, a) (0,0,0) (b, b, b) (1,−1,0),(−1,0,1),(−1,−1,−1) (−1/2,0,0)
C2′/c′ (a,0,0) (0,0,0) (b, c,0) (−1,0,0),(0,0,1),(0,1,0) (−1/4,0,1/4)
P2′/m′ (a,0,0) (0,0,0) (b,0,c) (1/2,0,−1/2),(0,1,0),(1/2,0,1/2) (0,0,0)
P2′/c′ (a, b, c) (0,0,0) (d ,e,0) (−1,0,0),(0,0,−1),(1,−1,0) (0,0,0)
P21

′/c′ (a,0,0) (0,0,0) (b, c, b) (1/2,0,1/2),(−1/2,0,1/2),(−1/2,−1,−1/2) (0,0,0)
C2′/m′ (a,0,a) (0,0,0) (b, c, c) (0,1,1),(0,1,−1),(−1,0,0) (0,1/2,0)
P1̄ (a,0,0) (0,0,0) (b, c, d) (1/2,0,1/2),(1/2,0,−1/2),(0,−1,0) (0,0,0)
P1̄ (a, b, c) (0,0,0) (d, e, f ) (0,1,0),(0,0,1),(1,0,0) (0,0,0)
C2/c (a,0,0) (b,0,0) (c,0,0) (0,0,1),(1,0,0),(0,1,0) (1/4,0,1/4)
P4/m (a,0,0) (0,b,0) (0,c,0) (1/2,0,1/2),(1/2,0,−1/2),(0,1,0) (0,0,0)
P42/n (a,0,a) (b,0,0) (c,0,0) (0,1,0),(0,0,1),(1,0,0) (−1/2,0,−1/2)
P2/c (a, b, c) (d ,0,0) (e,0,0) (0,0,1),(−1,0,0),(0,−1,−1) (0,0,0)
P21/c (a,0,0) (b,0,b) (c,0,c) (−1/2,0,1/2),(−1/2,0,−1/2),(1/2,−1,−1/2) (0,0,0)
C2/m (a,0,a) (0,b, b) (0,c, c) (0,1,−1),(0,1,1),(1,0,0) (0,0,0)
R3̄ (a,−a, a) (b, b, b) (c, c, c) (1,−1,0),(−1,0,1),(−1,−1,−1) (−1/2,0,0)
C2′/c′ (a,0,0) (b,0,0) (0,c, d) (0,0,1),(1,0,0),(0,1,0) (1/4,0,1/4)
P2′/m′ (a,0,0) (0,b,0) (c,0,d) (1/2,0,−1/2),(0,1,0),(1/2,0,1/2) (0,0,0)
P2′/c′ (a, b, c) (d ,0,0) (0,e, f ) (0,0,1),(−1,0,0),(0,−1,−1) (0,0,0)
P21

′/c′ (a,0,0) (b,0,b) (c, −d , −c) (−1/2,0,1/2),(−1/2,0,−1/2),(1/2,−1,−1/2) (0,0,0)
C2′/m′ (a,0,a) (0,b, b) (−c, d , −d) (0,1,−1),(0,1,1),(1,0,0) (0,0,0)
P1̄ (a,0,0) (b, c, d) (e, f , g) (1/2,0,1/2),(1/2,0,−1/2),(0,1,0) (0,0,0)
P1̄ (a, b, c) (d, e, f ) (g, h, i) (0,1,0),(0,0,1),(1,0,0) (0,0,0)

014304-11



YANG, LAMPRONTI, HAINES, AND CARPENTER PHYSICAL REVIEW B 100, 014304 (2019)

tilting, the space group for the analogous FM structure would
be I4/mm′m′, Im′m′m or R3̄m (Table I). The FM moments of
the rhombohedral structure will be aligned parallel to [111] of
the parent cubic structure and the magnetic space group will
be R3̄.

To get the monoclinic structure in the P21/n setting, rather
than in the standard P21/c setting given in Table I, it is
convenient to choose direction P1(3) of X +

3 and direction
P2(1) of �+

4 which leads to q1 = q2 = 0, q3 
= 0, q4 = q5 
= 0,
q6 = 0, m1 = m2 
= 0, m3 = 0. Equation (A1) then reduces to

G = 1

2
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(
coth
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T

)
− coth
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))
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(
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. (A5)

The equilibrium condition ∂G/∂e = 0 gives relationships between strains and order parameter components as

ea = −λ1q2
3 + 2λ2q2

4 + 2λ3m2
1

1
3

(
Co

11 + 2Co
12

) , (A6)

et = −2
(
λ4q2

3 − λ5q2
4 − λ6m2

1

)
1
2

(
Co

11 − Co
12

) , (A7)

eo = 0, (A8)

e5 = −e4 = − λ10q2
3q4

2(λ7 + λ8)q2
3 + Co

44

≈ −λ10q2
3q4

Co
44

for Co
44 � 2(λ7 + λ8)q2

3, (A9)

e6 = −λ9q2
4 + λ11m2

1

2λ7q2
3+Co

44

≈ −λ9q2
4 + λ11m2

1

Co
44

for Co
44 � 2λ7q2

3. (A10)

The R3̄ structure has q1 = q2 = q3 = 0, q4 = q5 = q6 
= 0, m1 = m2 = m3 
= 0, and Eq. (A1) reduces to

G = 3

2
a2�s2

(
coth

(
�s2

T

)
− coth

(
�s2

Ts2

))
q2

4 + 1

4

(
9b2 + 3b′

2

)
q4

1 + 3

2
a3�s3

(
coth

(
�s3

T

)
− coth

(
�s3

Tc

))
m2

1

+ 1

4
(9b2 + 3b′

2)m4
1 + 3ea

(
λ2q2

4 + λ3m2
1

) + (e4 + e5 + e6)
(
λ9q2

4 + λ11m2
1

) + 3q2
4m2

1

(
3λ�4+m�4+ + 3λ′

�4+m�4+

+ λ′′
�4+m�4+

) + 1

4

(
Co

11 − Co
12

)(
eo

2 + e2
t

) + 1

6

(
Co

11 + 2Co
12

)
e2

a + 1

2
Co

44

(
e2
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6
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. (A11)

The equilibrium condition ∂G/∂e = 0 then gives relation-
ships between strains and order parameter components as

ea = −3
(
λ2q2

4 + λ3m2
1

)
1
3

(
C

o
11+2Co

12

) , (A12)

et = eo = 0, (A13)

e4 = e5 = e6 = −λ9q2
4 + λ11m2

1

Co
44

. (A14)

These strain/order parameter relationships provide a
straightforward means of analyzing the evolution of the differ-
ent order parameters. To this end, lattice parameter data from
neutron and x-ray-diffraction measurements at temperatures

in the range 80–1073 K [37] are reproduced in Fig. 9(a) in
terms of pseudocubic parameters with respect to the parent
Fm3̄m structure. This sample had been annealed in air at
1523 K for 24 h and then at 1123 K for 8 h. The rhombo-
hedral phase had Qod ≈ 0.48 and the monoclinic phase had
Qod ≈ 0.3, based on refined B-site occupancies. In order to
determine the spontaneous strain variations, it is necessary to
define a reference lattice parameter, ao, for the high-symmetry
structure, extrapolated through the stability fields of the low-
symmetry structures (e.g., see Carpenter et al. [87]). Only data
for the rhombohedral and monoclinic structures are available,
so this approach is not possible in the present case. Instead,
shear strains can be determined without significant loss of pre-
cision by using the approximation ao = V 1/3, where V is the
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FIG. 9. (a) Lattice parameter data for LNMO reproduced from
Sayed et al. [37]. All the values are given in terms of a pseudocubic
unit cell which would have a ∼ 7.7 Å, corresponding to the unit
cell of the parent Fm3̄m structure. Open symbols represent data
collected at 300 K and above by x-ray diffraction. Filled symbols
are data collected at 350 K and below by neutron diffraction. (b)
Spontaneous strains calculated from the lattice parameters given in
(a), using the approximation ao = V 1/3, where V is the pseudocubic
unit-cell volume of the R3̄ and P21/n structures. The dashed line
is a fit to e4 from x-ray data, consistent with e4 ∝ q2

4 and second-
order character for the R3̄-Fm3̄m transition. By extrapolation, the
transition temperature is ∼1883 K. (c) Variation of unit-cell volume
with temperature; experimental uncertainties are on the order of the
size of the symbols.

pseudocubic unit-cell volume of the low-symmetry structures.
The chosen setting and orientation of the P21/n cell has
lattice vectors (–1/2,1/2,0), (1/2,1/2,0), (0,0,–1) with respect
to the parent Fm3̄m structure. At room temperature, the
lattice parameters are a = 5.43 Å, b = 5.49 Å, c = 7.74 Å,
β = 89.7◦ [37]. Non-zero strains for the monoclinic structure
are given by

e1 + e2 =
√

2a − ao

ao
+

√
2b − ao

ao
, (A15)

e3 = c − ao

ao
(A16)

(e5 − e4) ≈ cosβ, (A17)

e6 =
√

2a − ao

ao
−

√
2b − ao

ao
. (A18)

In the case of the rhombohedral structure, the only non-zero
shear strain is e4(=e5 = e6), which is given by

e4 ≈ cosα. (A19)

Variations of individual shear strains with temperature are
shown in Fig. 9(b). e4 scales with q2

4 above the magnetic
ordering transition and has a linear temperature dependence
consistent with a second-order Fm3̄m-R3̄ transition and an
extrapolated transition temperature of ∼1880 K, as previously
reported by Yang et al. [39]. Shear strains e4 of the R3̄
structure and e6 of the P21/n structure both depend on q2

4 and
m2

1 [Eqs. (A10), (A14)] and the reduction of their values below
∼300 K indicates that there is unfavorable coupling between
the tilt and magnetic order parameters. Values of et are small
for the P21/n structure and reduce with falling temperature
because couplings with the two tilt systems have opposite sign
[Eq. (A7)]. At the resolution of the data, they do not provide
any further indication of the strength of coupling with the
magnetic order parameter. The additional nonzero strain of the
P21/n structure, e5(= −e4), arises from coupling terms with
the symmetry combination X +

3 ⊕ �+
4 ⊕ �+

5 which is allowed
in the Landau expansion. This scales with λ10q2

3q4 [Eq. (A9)],
such that reductions in tilt angles due to unfavorable coupling
with the magnetic order parameter should appear as a decrease
in the β angle below the magnetic ordering temperature—-as
is the case on the basis of the limited data in Figs. 9(a)
and 9(b).

Unit-cell volume variations are shown in Fig. 9(c) and
suggest that there might be a small reduction associated with
the first-order R3̄ → P21/n transition. It is possible that there
is a change in volume also with magnetic ordering but the
nonlinearity below ∼300 K could be due simply to the normal
saturation of thermal expansion as temperature tends to 0 K.
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