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Phase problem in the B-site ordering of
La2CoMnO6: impact on structure and magnetism†

R. Egoavil,a S. Hühn,b M. Jungbauer,b N. Gauquelin,a A. Béché,a G. Van Tendeloo,a

J. Verbeecka and V. Moshnyagab

Epitaxial double perovskite La2CoMnO6 (LCMO) films were grown by metalorganic aerosol deposition on

SrTiO3(111) substrates. A high Curie temperature, TC = 226 K, and large magnetization close to saturation,

MS(5 K) = 5.8µB/f.u., indicate a 97% degree of B-site (Co,Mn) ordering within the film. The Co/Mn ordering

was directly imaged at the atomic scale by scanning transmission electron microscopy with energy-dis-

persive X-ray spectroscopy (STEM-EDX). Local electron-energy-loss spectroscopy (EELS) measurements

reveal that the B-sites are predominantly occupied by Co2+ and Mn4+ ions in quantitative agreement with

magnetic data. Relatively small values of the (1/2 1/2 1/2) superstructure peak intensity, obtained by X-ray

diffraction (XRD), point out the existence of ordered domains with an arbitrary phase relationship across

the domain boundary. The size of these domains is estimated to be in the range 35–170 nm according to

TEM observations and modelling the magnetization data. These observations provide important infor-

mation towards the complexity of the cation ordering phenomenon and its implications on magnetism in

double perovskites, and similar materials.

Introduction

Double perovskites with general formula A2BB′O6 (A = La, Sr,
Ca, B/B′ = Co/Mn or Fe/Mo) are of great interest as ferro-
magnetic insulators and multiferroic materials as well as half-
metallic ferrimagnets with high transition temperature. Their
electronic properties depend crucially on the size and charge
of the B-site cations, as well as on the degree of B-site
ordering.1–4 In an ideally B-site ordered double perovskite the
B and B′ cations form sequences of B–O–B′ chains, while an
order-reduced or disordered state is associated with a random
distribution of B and B′ cations with B–O–B, B–O–B′ and B′–O–
B′ chains. For example Sr2FeMoO6 behaves as a ferrimagnetic
metal in the ordered state and as an insulator in the dis-
ordered state.5 A rock-salt ordering of B- and B′-cations, the
most common type of ordering for ordered double perovskites,
is stabilized for transition metal ions having an oxidation state
difference of two and more, e.g. Fe3+/Mo5+.1,5

More recently, the double perovskites La2MMnO6 (M = Co,
Ni) are reported to exhibit ferromagnetic behavior and a
magnetodielectric effect near room temperature,6–11 making

them a promising material for the next-generation of memory
devices. A relatively high ferromagnetic Curie temperature (TC)
is found to be strongly dependent on the M2+ and Mn4+ cation
ordering, as well as on the M–O–Mn superexchange inter-
action.9,12,13 The synthesis of a nearly fully ordered phase in
La2CoMnO6 was reported by Goodenough et al.12 and Singh
et al.6,7 by using high temperature and high oxygen pressure
processing conditions. In spite of this progress, the achieve-
ment of a fully B-site ordered Co2+/Mn4+ phase still remains a
challenge as disordered regions with low Tc, originating from
e.g. oxygen vacancies, are often described.4,12,14–17 It is com-
monly argued that ferromagnetism (FM) in the insulating
La2CoMnO6 (LCMO) originates from the superexchange inter-
action between Co2+ ions, having 3d7 configuration and half-
filled eg orbitals with overall spin S = 3/2, and Mn4+ ions (3d3,
empty e.g., S = 3/2).12 Such FM superexchange due to the second
Goodenough–Kanamori–Anderson rule results in a large theore-
tical saturation spin moment, Msat = 6µB/f.u. and a relatively
high value of TC ∼ 230 K. In the disordered LCMO the signifi-
cantly lower TC ∼ 130 K and smallerMsat ∼ 4µB/f.u. were rational-
ized within the Co3+/Mn3+ vibronic superexchange interaction.12

However, the correlation between the oxidation/spin state
for Co and Mn ions in the ordered and disordered state is not
fully understood.6,14 On the one hand, experiments by neutron
scattering, X-ray absorption spectroscopy (XAS), X-ray magnetic
circular dichroism and X-ray photoelectron spectroscopy of
bulk- and nano-crystals have related the high-TC phase to the
ordering of Mn4+ and Co2+ and the low-TC phase to the Mn3+/
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Co3+ disorder.4,15–20 On the other hand, an XAS study on thin
films by Wadati et al.13 revealed a Co2+/Mn4+-originated elec-
tronic structure, which does not depend on the cation order-
ing. Up to date, no direct imaging of B-site ordering as well as
no microscopic study of Mn/Co oxidation states in LCMO thin
films was reported. Usually, the degree of Co/Mn ordering has
been deduced from the saturation magnetization and, more
rarely, from X-ray diffraction (XRD) patterns; the latter should
reveal a superstructure (1/2 1/2 1/2) peak in the B-site ordered
LCMO due to the doubling of the lattice parameter along the
[111] axis. Together with the rock-salt B-site ordering this can
be viewed as an infinite sequence of (Mn–O/La–O/Co–O/La–O)∞
atomic layers. The absence of local information on the cation
ordering, quantified by direct measurements of the local elec-
tronic (chemical) structure, makes the fundamental research in
double perovskites challenging and hinders their further devel-
opment as promising materials for device applications.

Here we report epitaxial growth of double perovskite LCMO
films by means of a metalorganic aerosol deposition (MAD)
technique.21 Being a chemical deposition route, MAD provides
an attractive opportunity to grow films at conditions close to
equilibrium, i.e. at high substrate temperatures, Tsub =
800–1000 °C, and high oxygen partial pressure, pO2

∼ 0.2 atm,
which both are thought to be helpful for the realization of
B-site ordering.12,17,22–24 The spatial distribution of the Co/Mn
ordering in the film is examined by a detailed analysis of the
electron diffraction pattern due the Co/Mn ordering and sub-
sequently compared with direct chemical mapping of this
ordering at the atomic scale by high-resolution STEM-EDX
(EELS). The presence of ordered domains as well as the local
Co and Mn electronic structure allowed us to provide insight
into the origin of the magnetic properties of these films.

Experimental details

La2CoMnO6 films with thicknesses, d = 20–320 nm, were
grown by MAD20 on STO (111) substrates by using acetylaceto-
nates of La, Mn and Co, dissolved in dimethylformamide. The
substrate temperature was kept at T = 980 °C and the growth
and cooling rate were 10–20 nm min−1 and 50 K min−1,
respectively. XRD θ–2θ patterns in Bragg geometry with Cu Kα

radiation were measured for global structural characterization.
Local structure with atomic resolution was studied by means
of high-angle annular dark-field (HAADF) scanning trans-
mission electron microscopy (STEM), energy-loss-spectroscopy
(EELS) and energy-dispersive X-ray spectroscopy (EDX), per-
formed using an FEI Titan3 microscope, equipped with aberra-
tion correctors for both image and probe forming lenses. To
extend the field of view a 0.8 Å electron probe (21.4 mrad con-
vergence semi-angle) was scanned over the specimen to obtain
spatially resolved HAADF images of 8192 × 8192 pixels with a
detector collecting scattered electrons in the range 41.5 to
94.9 mrad (more details see ESI†). The magnetization of the
films was measured for temperatures, T = 5 to 400 K, and
applied magnetic fields, H = 0 to 5 T, aligned in plane along

the [011̄] axis by using a Magnetic Properties Measurement
System (MPMS) from Quantum Design.

Results

In Fig. 1 an XRD pattern for a LCMO/STO (111) film with a
thickness of d = 320 nm, is shown. Along with the peaks, orig-
inating from the STO (111) substrate and some spurious reflec-
tions due to the not fully filtered Kβ and tungsten radiation
(marked by stars in Fig. 1), one can see an out-of-plane epitaxy
of the LCMO film with a pseudocubic lattice parameter, c =
3.875 Å. An impurity peak (marked by Imp in Fig. 1) can be
attributed to a small amount of CoO and/or CoMnO3 phases.
Remarkably, the XRD pattern reveals the presence of the super-
structure peaks at 2θ = 19.9° and 62.3°, which show the (α1–α2)
splitting, indicating a long-range-character of the crystal super-
structure. Such lattice superstructures provide evidence for the
doubling of the lattice parameter along the [111] direction. Con-
sidering the architecture of (111) planes, one can suggest that
such doubling is caused by a rock-salt-like B-site ordering of
Co/Mn ions. The obtained value of the XRD ordering parameter
(see Fig. 1), S = I(1/2 1/2 1/2)/I(111) = 1.1 × 10−3, was significantly
smaller as that for perfectly ordered film, S = 10−2 (see ESI†),
thus, signaling a far from perfect long range ordering. A large
scale homogeneity of the prepared LCMO/STO (111) films was
additionally illustrated by scanning tunneling microscopy and
X-ray reflectivity (XRR) measurements (see Fig. SI4 of ESI†),
from which an LCMO/STO root mean squared (RMS) interface
roughness, σi,RMS ∼ 1 nm, and a surface roughness, σs,RMS ∼
0.5 nm, were obtained by fitting the XRR data with ReMagX.25

Magnetic properties of a LCMO/STO(111) film with a thick-
ness of ∼320 nm are shown in Fig. 2. A Curie temperature,
TC = 226 K, was evaluated from the minimum of the function,

Fig. 1 (a) XRD pattern of LCMO/STO(111) film with the thickness, d ∼
320 nm. The stars symbolize spurious reflexes due to not fully mono-
chromatic Cu Kα. A small impurity peak is marked by “Imp”. The inset
shows the superstructure peak (3/2 3/2 3/2) with α1–α2 splitting.
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TCM = (1/M)(dM/dT ), where TCM is the temperature coeffi-
cient of the magnetization, M. A strong difference between
field cooled (FC) and zero field cooled (ZFC) magnetization in

an external field of H = 1 kOe and in a wide temperature range
T < 200 K (see Fig. 2a) indicates an inhomogeneous magnetic
state, like cluster-glass, due to competitions between FM and
antiferromagnetic (AFM) interactions.20,26,27 The measured low
temperature saturation magnetization, Msat(5 K, 50 kOe) ∼
5.8µB/f.u. and coercive field, HC(5 K) ∼ 5 kOe, agree well with
data on the B-site ordered LCMO bulk samples or thin films
reported previously in the literature.6,7,12,22,28 It has to be con-
sidered that the relative error of Msat is about 5% and is mostly
determined by the error in the calculation of the film volume.
Moreover, it is evident that the shown hysteresis loop is still a
minor loop and, hence, H = 50 kOe is not sufficient to fully
saturate the magnetization of the LCMO film.

The distribution of Co/Mn ordering or, in other words, the
degree of long-range ordering over the whole LCMO (111) film
with a thickness of ∼320 nm was studied with atomically
resolved HAADF imaging over large areas. Because of the very
small (7.4%) difference in the scattering intensity between the
heavier Co and the lighter Mn atom, we applied a Fourier fil-
tering procedure to visualize the ordering within the whole
film (see Fig. 3). The intensity of the (1/2 1/2 1/2) and 1=21=21=2

� �

superstructure reflections was used as a marker for the dou-
bling of the cell parameter in the B-site ordered cell as shown in
the inset of Fig. 3a). To compare with the XRD ordering para-
meter S, a normalized (1/2 1/2 1/2)/(111) intensity ratio map is
presented in Fig. 3b. This is a numerical dark field intensity
ratio map corresponding to the (1/2 1/2 1/2) and (111) reflec-
tions. The brighter regions corresponding to high intensity of
the superstructure peak represent B-site ordered regions and
the darker regions with the lower superstructure peak intensity
can be attributed to regions with an apparent reduction of
ordering. Importantly, the superstructure peak was present in
all studied regions, thus, suggesting that areas with reduced
ordering (blue color) consist of the overlapped ordered domains

Fig. 2 (a) The field cooled (FC) and zero field cooled (ZFC) magnetiza-
tion vs. temperature in an external field H = 1 kOe for the B-site ordered
LCMO with TC = 226 K. (b) The M(H) loop at T = 5 K with Msat(50 kOe) =
5.8µB/f.u. The inset shows the magnified red marked area; apparently,
M(H) is nonlinear and is not closed up to H = 50 kOe.

Fig. 3 (a) A high resolution 8192 × 8192 HAADF image of the film. Fourier filtering of the image in (a) with selected superstructure reflections
marked by horizontal black arrows is shown as inset. (b) Numerical amplitude divided color map of the two (1/2 1/2 1/2) and (111) reflections,
respectively, showing the ordered (purple) and disordered (blue) domain regions.
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having no fixed phase relation. Such overlapping reduces the
apparent order seen in projection (see Discussion below).

B-site ordering on the atomic scale was verified by EDX
elemental maps of the La Lα, Co Kα, Mn Kα, Sr Lα, Ti Kα and O
Kα excitation peaks taken from two regions of the film, i.e.
ordered and apparently disordered. The combined color map,
shown in Fig. 4 (Mn: red, Co: green and La: blue) shows a
direct image of the Co/Mn layered ordering (Fig. 4 “Ordered”
panel), while in the disordered region, mostly near the film/
substrate interface, the Co and Mn atoms seem to be randomly
distributed (Fig. 4 “Disordered” panel). Atomically resolved
elemental EELS maps of the Co–L2,3, Mn–L2,3, La–M4,5 and
O–K edges further confirm the directly observed Co/Mn order-
ing (see Fig. SI1 of ESI†).

To further investigate the local electronic structure, a high
resolution EELS focused on the fine structure of the Mn–L2,3,
Co–L2,3 and O–K edges was performed in both ordered and
disordered regions as shown in Fig. 5. To estimate the valence
of Mn and Co ions the experimental core loss spectral signa-
tures were compared with high resolution EELS reference
spectra, taken from bulk samples of Mn2O3 and MnO2 for the
Mn–L2,3 and from CoO and Co2O3 samples for the Co–L2,3
edges, collected under similar conditions. Remarkably, the Co
and Mn signatures, observed in the spectra for the ordered
region (pink curves), and the Co2+ and Mn4+ reference spectra
are very similar. Indeed, the spectral shape and peak positions,
indicated by arrows, resemble the reference spectra for Co2+

with three characteristic peaks: a pre-peak at 775.7 eV, a major
peak at 777.1 eV and a shoulder peak at 778.2 eV (Fig. 5f and
h) and for Mn4+ the pre-peak at 640.3 eV and the major peak at
642.7 eV (Fig. 5a and c), evidencing the presence of Co2+ and
Mn4+ ions within the ordered region. In contrast, the spectra
for the order-reduced region (blue curves) clearly deviate from
those for Co3+ and Mn3+ references. Most interesting is that
the main peak positions at 775.7 eV, 777.1 eV for Co and at
640.3 eV, 642.7 eV for Mn (indicated by arrows) are nearly iden-
tical to those obtained in the ordered region (only slight differ-
ences in spectral shape can be observed). For clarity, the Mn-
(Co) spectra is overlaid on each spectrum for both ordered and
disordered domains with black arrows to indicate the corres-
ponding spectral differences. For Mn, note (i) the slight broad-
ening of the Mn–L3 peak (the pre-peak intensity at 640.3 eV
observed in the ordered domain is increased and broadened
in the disordered domain indicating an increased transition
probability towards lower energy losses) and (ii) the energy
onset position in the disordered domain is slightly shifted
∼0.37 eV towards the lower energy losses when compared
with the ordered domain. For Co, note that (i) the pre-peak at
775.7 eV is less pronounced, (ii) the major peak is slightly
shifted ∼0.24 eV towards higher energy losses and (iii) the
absence of the shoulder peak at 778.2 eV. The above-
mentioned spectral differences would suggest the existence of
intermediate valence states for Co and Mn in the disordered
domain.

Fig. 4 Recorded atomic resolution HAADF image and its corresponding EDX and EELS maps of the ordered and disordered regions in a La2CoMnO6

double perovskite film. The combined color map with Co (green), Mn (red), La (blue), Sr (cyan), Ti (magenta) and O (orange) demonstrate the two
different states.
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To get a quantitative estimation the experimentally
measured Co- and Mn-spectral signatures for both ordered
and order-reduced regions were fitted by a linear combination
of the reference spectra for CoO, Co2O3 and Mn2O3, MnO2,
respectively, using the EELSMODEL software package.29,30 The
obtained weights of (Co2+/Mn4+) were (99%/96.8%) and
(90.1%/76.9%) for the ordered and order-reduced phases,
respectively. In a second stage, the Co and Mn spectral signa-
tures were compared with multiplet calculations for a single
Co2+ and Mn4+ state in octahedral coordination (Oh), by using
slightly different crystal parameters in the order-reduced
phase as compared to the ordered phase (black dashed-line in
Fig. 5, for details see ESI†). The multiplet calculations show a
modification of the t2g and eg energy level states while the
valence states of these elements should be preserved to Co2+

and Mn4+ to fit the experimental spectral signatures in the
order-reduced LCMO phase. Furthermore, the fine structure
spectra of the O–K edge acquired simultaneously for the
ordered and order-reduced (disordered) regions present only
minor differences (see Fig. SI3 of ESI†).

If the regions with reduced ordering would be truly dis-
ordered, an average Co2.5+ and Mn3.5+ valence state would be
expected, in disagreement with our experimental results. In
fact in both ordered and order-reduced phases the Co2+/Mn4+

states are dominant proving that, indeed, local order exists
even though the long range order prevents a direct visualiza-
tion at atomic resolution in the order-reduced regions. There-

fore, the valence states of the cobalt and manganese ions in
the thin film are Co2+ and Mn4+ on a local scale, confirming
the result of global XAS experiments reported by Wadati
et al.13

Discussion

The degree of short-range Co/Mn ordering, defined as the
probability, p, that a Mn-ion has a Co-ion as a next neighbor,
0 < p < 1, can be estimated indirectly from the measured satur-
ation magnetization. Considering the theoretical value, Msat =
6µB/f.u., in a fully ordered La2Mn4+Co2+O6 with p = 1, the esti-
mated degree of short-range ordering in our films with Msat ∼
5.8µB/f.u. is p ∼ 0.97. This indicates that about 3% of B-site
pairs in the LCMO lattice are Co/Co or Mn/Mn. Such defect
pairs should account for the measured XRD ordering para-
meter, S0.97 = 1.1 × 10−3 (see Fig. 1), which is significantly
smaller than the theoretical value, S1 = 10−2, for a fully ordered
LCMO (p = 1), obtained from XRD simulations (see ESI†). In
order to understand this apparent underestimation of the
ordering parameter from XRD one needs to realize that the
diffraction can be thought of as the interaction with a pro-
jected crystal potential. This projection is the reason why two
overlapping domains with an out-of-phase ordering can
strongly reduce the measured ordering parameter even though
a very high degree of ordering is locally present.

Fig. 5 ELNES of the B-site cations in a La2CoMnO6 thin film: (a, b & f, g) simulated and experimental reference of Mn4+ (from MnO2), Mn3+ (from
Mn2O3) and Co2+ (from CoO), Co3+ (from Co2O3) L2,3 edge fine structures. (c, d & h, i) Mn–L2,3 and Co–L2,3 edge ELNES signatures from the ordered
(pink) and the order-reduced (blue) region in the La2CoMnO6 film. (e, j) The overlaid Mn and Co spectra for both ordered and disordered domains
with black arrows to indicate the corresponding spectral differences.
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In order to further investigate this effect we note that in
general, two types of defects in the otherwise ordered B-site
matrix can exist: (a) anti-site point defects (ASDs) and (b) anti-
phase boundaries (APBs). The ASDs yield a monotonic
decrease of S and, thus, can hardly be responsible for the
observed strong reduction of S for only 3% defect density. In
contrast, APBs can result in a much larger reduction in S due
to the projection argument discussed above. Indeed, a fully
ordered LCMO (p = 1) crystal phase with a volume V (Fig. 6a)
will be separated into two phase-shifted B-site ordered crystal-
line domains with volumes V1 and V2. The resulting ordering
parameter, S = |V1 − V2|/(V × S1), will be significantly reduced
for V1–V2 and even goes to zero (V1 = V2). Moreover, S would
be strongly dependent on the distribution of the ordered and
phase-shifted domains, yielding an arbitrary V1/V2 ratio and a
strong variance of S as evidenced in Fig. 3.

APBs in an ordered double perovskite structure are pre-
viously reported to exist between the ordered domains;12 they
can alter the Co/Mn ordering in the LCMO film. However, in
the MAD-grown LCMO film studied here, no extended anti-
phase boundaries were found with TEM. In contrast, a rather
smooth transition between the ordered and disordered regions
in Fig. 3b indicates the presence of irregularly shaped ordered
domains, separated by a boundary region where (in projection)
no ordering was detected. The disorder within these bound-

aries also destroys the long range order from one domain to
the next which seems to be the reason for the reduced order-
ing parameter, S, observed in XRD and HAADF STEM. This
concept is schematically illustrated in Fig. 6b. Hence, one has
to consider the coexistence of ordered domains, accompanied
by the reduced values, S0.97 ≪ S1, due to disturbed long range
order, with a high saturation magnetization, MS = 5.8µB/f.u.,
inferring a 97% degree of short-range B-site ordering.

The study of the local electronic structure (see above) evi-
dences that local Co2+/Mn4+ ordering exists even within the
regions where the long range ordering is disturbed. The
observed ordering map in Fig. 3, and the measured magnetiza-
tion loop (Fig. 2b) can be linked together and rationalized
within the existence of ordered domains. Namely, the maps
presented in Fig. 3b) show ordered domains with characteristic
size of ∼35–170 nm (purple color), intermixed with regions
containing multiple domains (blue) leading to suppressed
ordering, S.

� 0.
In addition, the presence of ordered anti-phase domains

(APDs) can be correlated with the reduction of the low-field
and remanent magnetization. Moreover, this is in line with the
high saturation field H > 50 kOe and the cluster-glass behavior
due to AFM coupling between the different domains. Note, the
M(H) is not closed even for the highest field (see Fig. 2b). In
another double perovskite, Sr2FeMoO6, it was observed that

Fig. 6 A sketch of the proposed (a) well-ordered and (b) suppression of the B-site ordering due to phase-shifted ordered domains of finite size,
marked by white lines (short range ordering). The thickness profile of the TEM lamella as estimated by EELS from the log-ratio technique is approxi-
mately 25 nm (at the top surface) and 50 nm closer at the film/substrate interface. Hence, the probability to find an ordered region is larger for the
surface region of the sample as for the interface. Schematic visualization of the B-site ordering for both (a) well-ordered thin film and (b) the appar-
ent disorder created as a result of the superimposing ordered domains, along the viewing direction. The color scheme follows: manganese (red),
cobalt (green), La (blue) and Co/Mn (disordered, brown). The [111] arrows indicate the growth direction of the film.
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the fully ordered FM crystallites, separated by APBs, are indeed
AFM coupled,31 yielding the reduction of remanent magnetiza-
tion, MR, and an increase of coercive field, Hc. In LCMO, first-
principle calculations exhibit the preference of an FM coupling
of Mn–Mn antiphase defects driven by a double exchange.20

However, it is not known how this will affect APB and, hence,
we did not consider this in the following simplified model. In
an applied magnetic field, H, the Zeeman energy of the FM
domain, EZeeman, may exceed the magnetic surface energy of
the AFM antiphase boundary, Esurface, and the domain with
antiparallel magnetization will flip along the field direction.
For a cubic domain with the edge length, a, which consists of

cubic unit cells with lattice constant, c, the relation between
these two energies is given by:

Esurface ¼ 6a 2JAFM=c 2 ¼ μ0Ha 3Mu:c:=c 3 ¼ EZeeman

Here JAFM is the AFM coupling energy per anti-phase
boundary. Considering the value of LCMO magnetization/u.c.,
Mu.c = 3µB, one gets for the domain size:

a ¼ 2cJAFM
μ0μB

� 1
H

ð1Þ

JAFM can be roughly estimated in the case of Mn4+–O–Mn4+

AFM coupling from the Néel temperature, TN ∼ 145 K,32 of

Fig. 7 A model of the magnetization of anti-phase-domains (APDs) separated by antiferromagnetic APBs (1/2 1/2 1/2)/(111) intensity ratio map,
obtained by Fourier filtering of a high resolution HAADF image, shows intensity differences in the x–z-plane. This can be interpreted as APDs in the
x–y-plane, in which the purple areas correspond to areas with a small volume amount of APDs. The blue areas represent areas with a large volume
fraction of APDs. APDs have impact on the magnetism: (a) nearly all domains are aligned parallel to the external field close to the saturation field (b)
for moderate fields the magnetization of small domains flips antiparallel to the applied field; (c) all APDs are antiferromagnetically coupled to the
surrounding phase-shifted material for zero external field, H = 0. The blue dots mark the positions of the states with different applied external field
in the hysteresis loop of the LCMO film. Considering a similarity between the reversed low field (H < 0) and the remanent (H = 0) magnetization (the
red dot in the hysteresis loop) the field, which is necessary to flip the biggest APD, can be estimated to H ∼ 10 kOe.
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Ca0.8Sr0.2MnO3, which has the same average A-site ionic radius
as La3+.33 No perovskite material is available to estimate the
Co2+–O–Co2+ AFM coupling. The external field to flip the
biggest APD can be estimated from a simplified model, which
assumes that all APDs are aligned parallel for H ∼ 50 kOe (see
Fig. 7a). By decreasing the field, the magnetization of the
domains will flip antiparallel to the applied field. According to
eqn (1) the smaller domains flip at a higher field than the
bigger ones (see Fig. 7b) and all domains are AFM-coupled to
the surrounding domains at H = 0 (see Fig. 7c), leading to
MR(0) < MS. Apparently, the same value of |MR| will be restored
under magnetization reversal for a definite (negative) field,
which is marked by a red dot in M(H) loop of LCMO film in
Fig. 7a. Assuming this configuration is comparable with the
zero-field state, MR(0), one can estimate the flip field of the
largest APD to be HF ∼ 10 kOe (see Fig. 3b). Substituting this
into eqn (1) the estimated APD size, a ∼ 35–170 nm, corres-
ponds well to the domain size, observed in TEM (Fig. 3b). For
the lower boundary of “a” the maximal field, H = 50 kOe, was
taken which apparently seems to be very close to the saturation
field.

Summary

Epitaxial La2CoMnO6 films on STO(111) substrates were pre-
pared by the MAD technique. B-site ordering in the film was
directly imaged by atomically resolved STEM-EDX. The relatively
small value of the XRD ordering parameter, S = I(1/2 1/2 1/2)/
I(111) = 1.1 × 10−3, and the presence of regions with reduced
Co/Mn ordering in the superstructure intensity map, obtained
by spatially resolved HAADF-STEM imaging, are related to the
presence of small ordered domains. Magnetization close to sat-
uration, MS ∼ 5.8µB/f.u., indicates a 97% of short-range B-site
ordering. EELS measurements point out that the B-sites consist
predominantly of Co2+ and Mn4+ both for ordered and for
regions that appear to have a reduced order in projection in
quantitative agreement with magnetic data. According to TEM
and magnetization data the estimated size of the ordered
domains is 35–170 nm. We believe the obtained results under-
score the complexity of the cation ordering phenomenon and
will help to understand and optimize the B-site ordering as well
as the desirable properties of double perovskite thin films.
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