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Thin films of the double perovskite La2NiMnO6 �LNMO� have been grown on various lattice-matched
substrates �SrTiO3, LaAlO3, NdGaO3, and MgO� by pulsed laser deposition under different oxygen back-
ground pressure �25–800 mTorr� conditions. The out-of-plane lattice constant of the LNMO film decreases
with increasing pressure, which is likely caused by reduction in the defect concentration and improved struc-
tural ordering, before leveling off at higher oxygen concentrations. The scanning transmission electron micros-
copy results confirm that the films are epitaxial, and the interface is sharp and coherent. While few defects are
observed in a film grown at a high oxygen pressure �800 mTorr�, a film grown at a lower pressure �100 mTorr�
clearly shows the formation of defects that extend throughout the thickness except for a very thin layer near the
interface. The Raman spectra of the films are dominated by two broad peaks at around 540 and 685 cm−1,
which are assigned to the antisymmetric stretching and symmetric stretching modes of MnO6 and NiO6

octahedra, respectively. The Raman peaks of the LNMO thin films grown in the 800 mTorr background O2 are
blueshifted in comparison to those of bulk LNMO, and the shift increases with decreasing film thickness,
indicating the increased influence of strain. The critical thickness for strain relaxation, as determined from the
Raman spectra, is between 40 and 80 nm. However, the strain is observed to have negligible influence on the
magnetic properties of films grown at high oxygen pressures. In contrast, films grown at low pressures exhibit
degraded magnetic properties, which can be attributed to a combination of increased B-site cation disorder and
the concentration of Mn3+ and Ni3+ Jahn-Teller ions caused by oxygen or cation related defects. With increas-
ing oxygen pressure during growth, the paramagnetic-ferromagnetic transition temperature ��280 K� becomes
sharper and the saturation magnetization at low temperatures is enhanced. Based on the electron energy loss
spectroscopy studies, the Mn and Ni ions in LNMO thin films are determined to be mixed-valent Mn3+ /Mn4+,
and charge transition disproportionation of the Mn4++Ni2+→Mn3++Ni3+ type likely occurs with increasing
oxygen deficiency.
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I. INTRODUCTION

In recent years, there has been resurgence of interest in
multifunctional materials that simultaneously possess electric
and magnetic orderings, which is driven in a large part by
the ever increasing need for lower power consumption
and additional functionality for next-generation electronic
devices.1–7 A large magnetoelectric �ME� coupling effect is
needed for practical applications, but the intrinsic coupling
strength observed thus far in multifunctional materials has
typically been quite small. Recent discoveries of a giant ME
effect in RMnO3 �Refs. 2 and 3� and RMn2O5 �Ref. 6� �R
=rare earths� points to the important role of magnetic frus-
tration in enhancing the ME coupling. An enhanced magne-
todielectric effect �45% at 9 T� has also been observed in
La-doped BiMnO3.8 Yang et al.8 showed that the magneto-
dielectric effect in this system is dynamically enhanced due

to the magnetic field control of the dielectric relaxation.
Multifunctional double perovskite oxides of La2BB�O6

�B=transition metal such as Ni and Co; B�=Mn� composi-
tion recently gained much interest both because of their rich
physics and their prospects for technological applications.9–12

Depending on the relative size and oxidation state, the B and
B� ions can be crystallographically completely ordered, mak-
ing up a rocksalt-type lattice. Large magnetic-field-induced
changes in the resistivity and dielectric properties have been
observed in both bulk polycrystalline samples and epitaxial
thin films of the ordered double perovskite LNMO.9,12

The magnetic properties of bulk LNMO have been widely
studied over the years in order to gain better understanding
of the nature of the magnetic exchange interactions in this
compound.9,13–21 It was suggested that LNMO is a ferromag-
netic semiconductor with ordered Ni and Mn ions, compared
to the antiferromagnetic and paramagnetic behaviors of
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LaMnO3 and LaNiO3, respectively. Goodenough et al.13 ini-
tially attributed ferromagnetism in LNMO to Mn3+-O-Ni3+

superexchange interactions, where low-spin Ni3+ and high-
spin Mn3+ are both Jahn-Teller ions. On the other hand,
Blasse14 argued that ferromagnetism is entirely due to the
Mn4+-O-Ni2+ superexchange interactions, which is supported
by 55Mn NMR �Refs. 15 and 16� and neutron diffraction
studies.20 Joseph Joly et al.18 more recently showed the ex-
istence of two different spin states of Mn and Ni in bulk
LNMO samples synthesized at different temperatures, and
charge disproportionation of the Mn4+-Ni2+→Mn3+-Ni3+

type occurs when the low-temperature synthesized LNMO is
annealed at high temperatures. LaMnO3 has an orthorhombic
perovskite structure, whereas LaNiO3 is rhombohedral. Be-
cause of the different structures of the end members, it is
likely that LNMO is polymorphic with two different struc-
tures. Indeed, the structure of LNMO is found to be rhom-

bohedral �R3̄� at high temperatures and it transforms to an
orthorhombic �Pbnm, with c being the long axis� or a mono-
clinic structure at low temperatures. These two structures
typically coexist at room temperature.19–21 In contrast to ear-
lier x-ray diffraction results, neutron diffraction data indicate
a reduction from the orthorhombic symmetry to the mono-
clinic subgroup P21 /n due to the B cation ordering.9,19

The oxygen anion plays a critical role in dictating the
physical properties of the manganites. Being at the center of
the B-O-B bond, its presence or absence can greatly influ-
ence the valence states, local lattice distortions, as well as the
orbital order. In previous works, we reported on the epitaxial
growth of LNMO thin films on different substrates at an
800 mTorr oxygen. The films were crystallized in the mono-
clinic �orthorhombic� structure and they exhibited excellent
magnetic properties.12,22 In the present study, we have inves-
tigated in detail the influence of oxygen deficiency and other
defects on the structural and magnetic properties of LNMO
thin films deposited on various substrates by varying the
oxygen background pressure during growth. The effect of
reducing the film thickness on its structural and magnetic
properties has also been studied.

II. EXPERIMENT

The LNMO thin films were deposited on SrTiO3 �STO�
�cubic, 001�, NdGaO3 �NGO� �orthorhombic, with �110� ori-
entation�, LaAlO3 �LAO� �cubic, 001�, and MgO �cubic,
001� substrates by the pulsed laser deposition �PLD� tech-
nique by using a sintered, stoichiometric, and monophasic
LNMO target.22 The substrate temperature, target-substrate
distance, laser fluence, and repetition frequency were held
constant for all the deposited samples. The films were grown
at different background oxygen pressures �25–800 mTorr�
while maintaining the substrate temperature at 750 °C. The
target-to-substrate distance was fixed at 45 mm for all the
deposition runs. A KrF excimer laser �248 nm�, with a rep-
etition rate of 2 Hz, was used for ablation with an energy
density of about 1.5 J /cm2 at the target. Films in the thick-
ness range of 10–350 nm �as determined by using low-angle
x-ray reflectometry� were deposited by controlling the num-
ber of laser pulses used for deposition. After deposition, the

films were annealed in situ for 1 h in a 760 Torr oxygen and
then slowly cooled down to room temperature at 15 °C /min.
Details regarding the structural quality and lattice parameters
of the films were obtained by using a Philips X’Pert x-ray
diffractometer. The chemical composition and thickness of
the LNMO thin films were determined by using the Ruther-
ford backscattering spectrometry �RBS� and energy disper-
sive x-ray analysis �EDX�.

Electron microscopy observations were carried out in an
aberration corrected scanning transmission electron micro-
scope �STEM� �VG Microscopes HB501UX� operated at
100 keV equipped with a Nion aberration corrector and a
Gatan Enfina electron energy loss spectrometer �EELS�, and
in an aberration corrected transmission electron microscope
�TEM� �FEI Titan� at 300 kV. Specimens for the STEM
analysis were prepared by conventional methods, grinding,
dimpling, and Ar ion milling. Details regarding the oxidation
states were obtained from the analysis of the EELS data of
the O K edge around 530 eV and the Mn L edge around
644 eV.

The Raman spectra of the films were examined in the
backscattering geometry by using a Jobin–Yvon LabRam-IR
micro-Raman spectrometer. A 632.8 nm He-Ne laser was
used for excitation. Additionally, polarized Raman measure-
ments were carried out on some of the samples with 488 nm
Ar+ excitation by using a HR640 single spectrometer
equipped with a microscope and a liquid nitrogen cooled
charge coupled device detector. X-ray photoemission spec-
troscopy �XPS� was carried out by using an Mg K� source
�h�=1253.6 eV�. To remove surface contaminants before the
XPS analysis, the films were gently sputter cleaned for 30 s
with Ar+ ions at 4 kV. A superconducting quantum interfer-
ence device magnetometer �MPMS, Quantum Design� was
used to measure the temperature-dependent magnetization
properties. Magnetic hysteresis loops for the LNMO films at
different temperatures were obtained by using a vibrating
sample magnetometer �Oxford�.

III. RESULTS AND DISCUSSION

A. Structural properties

Previous XRD �-2� studies for LNMO films grown on
STO, NGO, LAO, and MgO substrates have shown that the
films are single phased, exhibiting a strong preferential
orientation.22 � scans, which were recorded around the �103�
reflections of the LNMO thin film pseudocubic subcell and
the corresponding �103� reflections from the STO and NGO
substrates obtained by in-plane rotation of the samples, ex-
hibit four peaks separated by 90° from each other, revealing
a fourfold symmetry. Additionally, the angular positions of
the peaks from the LNMO thin film are separated by 45° and
0° with respect to those of the STO and NGO substrates,
respectively. The appearance of peaks at the 45° separation
suggests a 45° rotation of the LNMO thin film in the plane of
the STO substrate. From the �-scan measurements, we infer
that the epitaxial relationships for the LNMO thin films
grown on the STO and NGO substrates are �002�
LNMO� �001� STO and �1̄10� LNMO� �100� STO; �110�
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LNMO� �110� NGO and �001� LNMO� �001� NGO.
Variations in the c lattice parameter of LNMO thin films

on STO, LAO, and MgO as a function of oxygen pressure
are plotted in Fig. 1. The squares, circles, and triangles rep-
resent the experimental data points, and the dash-dot lines
are provided as a guide to the eye. The films grown at low
oxygen pressures exhibit an expanded c lattice parameter as
compared to the pseudocubic bulk value �0.3876 nm, Ref.
19�. With increasing oxygen pressure, the c lattice parameter
steadily decreases before leveling off at higher pressures, as
seen in Fig. 1.

The growth of the thin films under different oxygen back-
ground pressures can result in variations in the defect con-
centration from two major sources: �i� oxygen vacancies and
�ii� the varying energy and flux of the species impinging
upon the surface of the growing film. Park and Chadi23 in-
vestigated the nature of the atomic relaxations around
oxygen-vacancy defects in the ferroelectric perovskite
PbTiO3 through first-principles pseudopotential total energy
calculations. The oxygen vacancies are considered to be
double donor defects. When oxygen vacancies exist in the
sample, the nearest two Ti and four Pb cations of 2+ effec-
tive charge corresponding to the oxygen vacancy are dis-
placed away, while the eight next closest O anions are at-
tracted toward the defect. As a consequence, the lattice
parameter of PbTiO3 decreases. On the other hand, Maria et
al.24 argued that the growth conditions during pulsed laser
deposition of the perovskite oxide SrRuO3 when operating at
low background pressures favor bombardment from high en-

ergy species. This results in the growth of films with ex-
panded lattice constants caused by defects other than oxygen
vacancies.

In an attempt to determine which factor has the greatest
influence on the growth of LNMO, we have deposited
LNMO films by using a 50 mTorr gas mixture of Ar /O2

with a ratio of 10:1. One would expect that the oxygen-
vacancy concentration in the film grown under the 50 mTorr
Ar /O2 mixed gas atmosphere would be higher than that un-
der a 50 mTorr of pure O2. However, at the same time, due
to the similarities in the scattering cross sections of Ar and
O2, the bombardment from high energy species experienced
by the films during growth is expected to be similar in both
cases. The XRD �-2� scan of the LNMO �004� diffraction
peak positions are essentially identical for the two films �not
shown�. This suggests that while the creation of oxygen de-
fects, which influences the structural parameters of the
LNMO thin films, is important at low oxygen pressures, the
decrease in the lattice parameter observed at higher back-
ground pressures ��5 mTorr� primarily results from a de-
crease in the defect concentration because of reduction in the
bombardment of high energy species on the surface of the
growing film.

The chemical composition and stoichiometry of the
LNMO films grown at 25, 200, and 800 mTorr O2 have been
analyzed by RBS, and the results are shown in Table I. All
the LNMO films appear oxygen deficient with respect to the
stoichiometric composition. It should, however, be noted that
the error in determining the O content is significantly larger
than for the other elements due to the presence of the rela-
tively large O background signal from the substrate. None-
theless, at higher oxygen pressures, the oxygen-to-metal ratio
increases and the Ni /Mn ratio approaches 1:1, indicating that
the films are closer to the bulk stoichiometry. The presence
of excess La �with respect to Ni+Mn� is also indicated for
the film grown at a low pressure �25 mTorr� and it becomes
close to stoichiometric at higher pressures. The presence of
some excess La in the films grown at low oxygen pressures
was also confirmed from chemical composition analysis by
using EDX. While all the films grown in a 100 mTorr O2 and
higher pressures showed a La:Mn:Ni stoichiometry of close
to 2:1:1 to within �5%, those grown at lower pressures
showed some deviation. For example, a film grown with a
0.1 mTorr O2 provided a La:Ni:Mn ratio of 2.16:0.96:1.00
from the EDX analysis.

FIG. 1. Plot of the c-axis lattice parameter of LNMO thin films
grown on STO, LAO, and MgO substrates versus oxygen back-
ground pressure during growth.

TABLE I. The chemical composition and stoichiometry ratio of LNMO thin films grown on STO sub-
strates under various oxygen pressures as determined from RBS measurements.

Oxygen
pressure
�mTorr�

Chemical composition

La:Ni:Mn
O:

�La+Ni+Mn�
La

�at. %�
Ni

�at. %�
Mn

�at. %�
O

�at. %�

25 23.4�1.0 11.0�2.0 9.8�2.0 55.8�5.0 2.39: 1.12: 1 1.26

200 21.1�1.0 11.4�2.0 10.3�2.0 57.2�5.0 2.05: 1.11: 1 1.34

800 20.6�1.0 11.3�2.0 10.8�2.0 57.3�5.0 1.91: 1.04: 1 1.34

INFLUENCE OF DEFECTS ON STRUCTURAL AND… PHYSICAL REVIEW B 77, 174423 �2008�

174423-3



B. Scanning transmission electron microscopy, transmission
electron microscopy, and electron energy loss

spectroscopy analyses

Figures 2�a� and 2�d� show the low-magnification cross-
section STEM images of the LNMO thin films grown on the
STO substrates under 100 and 800 mTorr O2, respectively.
The films appear flat and homogeneous over large lateral
distances. There are regions of accumulated strain in the
samples �these are the areas of brighter contrast, showing
bright halos� probably due to some degree of lattice mis-
match between the film and substrate. They could also result
from the presence of oxygen vacancies or other defects. The
contrast resulting from strain appears more likely because the
halos arise at the interface and propagate through the sample
surface. The epitaxial growth of the film on STO is con-
firmed by the high-resolution STEM images. The excellent
unit-cell to unit-cell epitaxial relationship between the
LNMO films and STO substrates can be seen in Figs.
2�b�–2�f�. The films are confirmed to grow epitaxially and
the interface between the LNMO thin films and the STO
substrate is sharp and coherent. There is no evidence of sec-
ondary phases or any chemical reaction in the interface re-
gion over large distances.

It is worth noting that for the film grown under 100 mTorr
O2 there is a layer of about 5 nm near the interface that
essentially appears defect-free. This most likely implies that
at the initial stage of epitaxial growth, the LNMO film is
strained to match its lattice parameter with that of the STO
substrate. When the film reaches a critical thickness, defects
form in the LNMO film as a result of strain relaxation. Sub-
sequently, defects are generated that extend all the way
through the sample �Fig. 2�c�� until they reach the surface �as
shown by the arrows in the figure�. On the other hand, for the
film grown at 800 mTorr O2, the structural quality is ex-
tremely high, being free of any major defects throughout the

cross section of the film. Thus, a higher O2 background con-
centration appears to have a significant influence in improv-
ing the structural quality of the LNMO film.

Phase contrast high-resolution TEM �HRTEM� images of
the LNMO thin films grown on STO under 100 and
800 mTorr O2 are displayed in Figs. 3�a� and 3�b�, respec-
tively. In agreement with the STEM results, the 100 mTorr
O2 sample shows a strained, defect-free LNMO layer in the
early stages of growth. At a thickness of �5–10 nm, the
strain in the film is relaxed, nucleating numerous defects in
the remaining thickness of the film, as seen in Fig. 3�a�. The
low oxygen pressure LNMO layer is structurally essentially
single phase. The fast fourier transform �FFT� shown in the
inset of Fig. 3�a� corresponds to the same centered structure
observed by Singh et al.25 with lattice parameters a�b
�5.5 Å and c�7.8 Å, which is labeled as I type. Symmetry
considerations suggest that a long-range cationic ordering is
not compatible with this structure and may thus provide evi-
dence for antisite defects.25 On the other hand, HRTEM im-
ages of the 800 mTorr O2 film show that this sample is struc-
turally biphasic at room temperature, as seen in Fig. 3�b�. In
addition to the same I-type crystal structure observed in the
low oxygen pressure film, numerous regions of the layer
crystallize in a second structure characterized by a new set of
reflections with even l index. This phase was also observed
by Singh et al. and labeled as “P type” due to the breaking of
the centered symmetry of the I phase. The appearance of
Moiré fringes is evidence of the superposition of I- and
P-type nanodomains. The biphasic nature of the film is con-
sistent with bulk results, which show the presence of both the
rhombohedral and monoclinic phases coexisting over a wide
temperature range, including at room temperature. Even
though these results are inconclusive, the appearance of a
new set of reflections forbidden for centered orthorhombic
�monoclinic� structures indicates a symmetry reduction that
might point to Ni /Mn ordering.25 Thorough TEM and elec-
tron diffraction studies along the different zone axes would
be required to clarify this point.

The analysis of the EELS images of the prepeak of the
O K edge, which were averaged over 360 points �covering a
lateral area of 90�140 nm2�, shows an average oxidation
state of the transition metal ions �combination of Mn and Ni�
of 2.94�0.18 and 3.09�0.04 for the samples grown under

FIG. 2. Low-magnification cross-section STEM images of
LNMO films on STO substrate grown under �a� 100 mTorr and �d�
800 mTorr O2. High-resolution STEM images near the interface
region showing the epitaxial growth of LNMO films on STO sub-
strates grown under �b� 100 mTorr and �e� 800 mTorr O2. High-
resolution STEM images of LNMO films grown under �c�
100 mTorr and �f� 800 mTorr O2.

FIG. 3. Phase contrast high-resolution TEM images of LNMO
films on STO substrate under �a� 100 mTorr and �b� 800 mTorr O2.
The insets show the FFT of �a� the whole image and �b� the areas
indicated with arrows.

GUO et al. PHYSICAL REVIEW B 77, 174423 �2008�

174423-4



100 and 800 mTorr O2, respectively. This is consistent with
an average oxidation state of +3 for M in the LaMO3 for-
mula unit. For quantification purposes, the O K edges from
LaMnO3 and CaMnO3 have been used as a reference.

The analysis of the Mn L edge under the same conditions
shows an oxidation state of 3.52�0.55 and 3.98�0.10 for
the samples grown under 100 and 800 mTorr, respectively.
So it appears that there could be a mixed valence
Mn3+ /Mn4+ in the system, and increasing charge dispropor-
tionation of the type Mn4+-Ni2+→Mn3+-Ni3+ occurs with de-
creasing oxygen pressure. Although the error bars are too
large to draw this conclusion from the EELS result alone,
this is confirmed by the Raman and XPS results, which will
be presented below. A large deviation in the oxidation values
is observed in the sample grown under 100 mTorr from pixel
to pixel, suggesting that the sample may be electronically
inhomogeneous due to the presence of oxygen and other
types of defects in the film.

C. Raman spectra

Useful information about the crystal symmetry, internal
stress, cation disorder, local lattice distortion, oxygen defi-
ciency, and presence of impurity phases can be obtained by
using Raman spectroscopy.26–30 Figure 4 shows the unpolar-
ized Raman spectra of the LNMO thin films �632.8 nm ex-
citation� grown on �001�-oriented LAO substrates under dif-
ferent oxygen pressures. For clarity, the Raman spectra are
displayed with upward base line shifts as the oxygen pres-
sure increases from 25 to 800 mTorr. The spectra are domi-
nated by two broad peaks at �540 and �685 cm−1. Previ-
ously, these two peaks had been tentatively assigned to the
antisymmetric stretching �AS� and symmetric stretching �S�
vibrations of BO6 octahedra, respectively, of the orthorhom-
bic Pbnm �or Pnma� structure.22,26 Recent Raman studies of
the polarized Raman spectra have confirmed the AS and S
characters of these modes but within the monoclinic �P21 /n�
or rhombohedral �R3̄� structures, which, unlike Pnma, can
accommodate ordering of the Ni and Mn ions.28

It can be observed from Fig. 4 that the AS mode in the
LNMO thin films, in general, occurs at a higher frequency

�blueshift� than the corresponding mode in the bulk, while
the S mode appears at a lower frequency �redshift� than the
LNMO bulk value.27 Moreover, the spectra show that the
blue- and redshift of the Raman modes increase for films
deposited at low oxygen pressures. Simultaneously, the peak
intensity decreases and the width of the peaks broaden. The
evolution of the peak frequencies and widths �full width at
half maximum� with oxygen pressure is illustrated in more
detail in Fig. 5. The shift of the AS and S modes in opposite
directions is likely related to the fact that the AS mode in the
P21 /n structure primarily involves in-plane antisymmetric
stretching vibrations, whereas the S mode is fully symmetric
and involves both the in-plane and out-of-plane stretching
vibrations of the NiO6 and MnO6 octahedra. The increase in
the out-of-plane lattice parameter in response to the decreas-
ing oxygen pressure, which is discussed in the previous sec-
tion, will result in a decrease in only the S mode frequency.

The observed broadening and intensity decrease of the
Raman spectral structures with decrease in the oxygen pres-
sure has a reasonable explanation in larger lattice distortions
with increasing oxygen deficiency, incomplete ordering at B
and B� sites, and coexistence of non-Jahn-Teller �Ni2+, Mn4+�
and Jahn-Teller �Ni3+, Mn3+� ions. These effects were re-
cently discussed in the case of mixed valence manganites by
Iliev et al.30 and can be summarized as follows. At relatively
low concentrations, the local distortions act as scattering cen-
ters for phonons, thus shortening the phonon lifetimes and
broadening the Raman lines corresponding to zone-center
normal modes. The stronger distortions in the oxygen sublat-

FIG. 4. Raman spectra of LNMO films grown on �001� LAO
substrates under different oxygen pressure conditions.

FIG. 5. Oxygen pressure dependence of �a� the Raman shift and
�b� the peak width for the AS and S stretching modes.
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tice as a whole result in breakdown of translation symmetry
and phonons from the whole Brillouin zone can contribute to
the scattering. This gives rise to broad bands, reflecting the
“smeared” one phonon density of states, which has maxima
at frequencies corresponding to those of zone boundary
phonons.

In order to assess the relative contribution of incomplete
B-site ordering versus other types of defects formed at low
oxygen concentrations, we have performed polarized Raman
measurements �488 nm excitation� on some of the films
grown on LAO and STO substrates as a function of the oxy-
gen pressure. The spectra were taken with exact xx, x�x�, yy,
xy, and x�y� scattering configurations, where x � �100�,
x� � �110�, y � �010�, y� � �1̄10� �with the first and second letters
referring to the polarization direction of the incident and the
scattered light, respectively�. The spectra for the xx and xy
scattering configurations are shown in Fig. 6. The evolution
of the peak frequencies and width with oxygen pressure is
similar to that observed in Fig. 4 for the 632.8 nm excitation
with no polarization. In addition, information regarding the
changes in the ordering at B and B� can be obtained from the
polarization measurements. The B-site ordered and disor-
dered structures belong to different symmetry groups and the
corresponding Raman spectra, if taken in exact scattering
configurations, obey different Raman polarization selection

rules. In the ordered structures �P21 /n or R3̄� the S Raman
mode between 650 and 700 cm−1 is allowed in parallel �xx or
yy� but forbidden with crossed xy scattering configuration.28

On the other hand, the AS mode between 500 and 550 cm−1

is allowed in xy but forbidden with the xx /yy configuration.
The fully disordered structure belongs to the Pbnm space
group, where the polarization selection rules are just the op-
posite. The S mode should be present in the cross polarized

XY spectra, and the AS mode in the xx /yy spectra.
As seen in Fig. 6, all spectra exhibit a much stronger S

peak with xx polarization, whereas the AS peak is stronger
with xy polarization. This is clear evidence that for all oxy-
gen pressures, the structure is dominantly ordered over the
short length scale probed by Raman. At the same time, the
AS and S are much broader for the films obtained at the 25
and 100 mTorr pressures. Given that the AS and S mainly
involve oxygen vibrations, this broadening has to be prima-
rily related to disorder of the oxygen sublattice. Other than
the partial B-site disorder, the broadening is governed by
nonstoichiometry, the coexistence of Mn3+, Mn4+, Ni2+, and
Ni3+, which creates static or dynamical Jahn-Teller disorder,
etc.

Figure 7 shows the Raman spectra of LNMO films of
different thicknesses grown under the same background O2
pressure �800 mTorr� excited by using the unpolarized
632.8 nm light source. The decrease in peak intensity with
reduction in film thickness is in a large part due to the re-
duced scattering volume. The frequencies of the AS and S
modes of the thinner films are appreciably higher than the
corresponding phonon frequencies in bulk LNMO.26,27 This
is shown in more detail in Fig. 8. The blueshifts are related to
compressive stress in the LNMO thin films, resulting both
from the lattice mismatch between the film and the substrate

FIG. 6. �Color online� Polarized Raman spectra in the xx and xy
scattering configurations for LNMO films deposited on �a� LAO
and �b� STO substrates under different oxygen pressure conditions.

FIG. 7. Raman spectra of LNMO films of different thicknesses
grown on �001� LAO substrates.

FIG. 8. Raman shifts for the AS and S modes as a function of
film thickness.
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and the thermal expansion coefficient difference. These two
factors are considered for LNMO thin films as follows. First,
due to the lattice mismatch, the compressive strain is relaxed
with increasing film thickness, and it will be fully relaxed
when the film thickness exceeds a critical thickness. From
Fig. 8, one finds that there is no further shift of the peaks
when the film thickness exceeds 85 nm, indicating that the
critical thickness is between 40 and 80 nm. Second, when a
LNMO film is cooled from the deposition temperature
�750 °C� to room temperature, both the film and the sub-
strate are contracted due to the thermal expansion effect.
Because of differences in the thermal expansion coefficients,
there will be a stress generated because of the differential
contraction. However, the lattice of the LNMO film cannot
be contracted according to its thermal expansion due to the
strong clamping effect of the substrate. It is therefore reason-
able to assume that the LNMO films will contract according
to the thermal expansion behavior of the LAO substrate.
Hence, a strain is imposed on the LNMO thin film, which is
also confirmed from the STEM and TEM measurements �see
Figs. 2 and 3�.

D. X-ray photoemission spectroscopy measurements

XPS measurements have been carried out in order to ob-
tain more detailed information about the electronic structure
of the LNMO thin films. The valence band �VB� and corre-
sponding core-level spectra of Mn 2p, Ni 2p, and O 1s of the
LNMO films grown on a STO substrate grown under 200
and 800 mTorr O2 are shown in Fig. 9�a�. The VB displays
the characteristic triple-peak structure located at 5.86, 4.75,
and 2.85 eV, respectively. The former two peaks can be pri-
marily attributed to the Mn 3d–O 2p and Ni 3d–O 2p bond-
ing states, while the latter is mainly associated with O 2p
nonbonding states.31,32 The entire VB region exhibits the
characteristics of extensively hybridized Mn 3d–O 2p and
Ni 3d–O 2p orbitals.

The 2p core-level XPS spectra of Mn in the LNMO thin
films grown at 200 and 800 mTorr are shown in Fig. 9�b�.
The binding energy �BE� of the 2p3/2 peak is 641.21 and
641.52 eV, respectively, for the two samples. There is a gen-
eral trend that the core-level binding energy increases with
increasing the oxidation state of a given ion, provided that
the ions are located in similar coordination environments.
Therefore, the difference between the BEs of Mn 2p3/2 for
these two samples indicates that the oxidation state of Mn in
the sample grown under the 800 mTorr oxygen is higher
than that of the one grown under 200 mTorr. This is consis-
tent with the results from Raman scattering and EELS mea-
surements, suggesting that charge disproportionation of the
Mn4+-Ni2+→Mn3+-Ni3+ type likely occurs with decreasing
oxygen pressure during film growth.

Figure 9�c� shows the 2p core-level XPS spectra of Ni in
the samples grown at 200 and 800 mTorr. Coincidentally, the
binding energy of the satellite peak of La 3d3/2 is almost
identical to the BE of 2p3/2 of Ni in oxides, and therefore,
these peaks overlap for compounds containing both La and
Ni. The BE of Ni 2p3/2 in the sample grown at 800 mTorr is
found to be somewhat larger than that for the one grown at

200 mTorr �855.53 and 855.46 eV for the samples at 800
and 200 mTorr, respectively�. A similar difference in the BE
is observed for the Ni 2p1/2 for the two samples. The obser-
vation that the core-level BE increases with increasing oxi-
dation state of a given ion breaks down when the number of
unpaired electrons changes due to a change in the spin state
of a given ion. It was previously reported that the Ni 2p3/2
BE of Ni2O3 containing low-spin Ni3+ is lower than that of
NiO containing Ni2+.33 The lower BE of Ni 2p3/2 for the
sample at 200 mTorr indicates that the oxidation state of Ni
in the sample at 800 mTorr is lower than that at 200 mTorr.
The spin states of Ni in the two samples are in accordance
with the spin states of Mn, which adjusts to ensure charge
neutrality and oxygen stoichiometry.

E. Magnetic properties

The magnetization as a function of temperature of the
LNMO films grown on LAO substrates was measured in

FIG. 9. XPS measurement of the LNMO thin films grown under
200 and 800 mTorr O2: �a� valence band spectra, �b� Mn 2p XPS
spectra, and �c� Ni 2p XPS spectra.
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different magnetic fields �0.01–1 T�. Before the measure-
ment, the samples are heated to a temperature of 330 K to
eliminate any prior magnetic history. The temperature depen-
dence of the magnetization of a film grown under 800 mTorr
O2, which is measured under applied magnetic fields of 0.01,
0.2, and 1 T, is shown in Fig. 10. We have determined the
ferromagnetic Curie temperatures TC of films grown at dif-
ferent oxygen pressure by taking the derivative of the mag-
netization with respect to temperature �dM /dT� in a mag-
netic field of 0.01 T. The results are summarized in Table II.
Additionally, we have determined the TC for some of the
samples by using the Arrott plot method from the M versus
H measurements near the transition temperature �plots of M2

vs H /M that are extrapolated to zero field�.34 This method
yielded TC values to within �5 K of those listed in Table II.

Figure 11 shows the magnetic hysteresis loops measured
at 10 K over the field range −1 T	H	1 T for films grown
at different oxygen pressures. They provide the saturation
magnetization Ms �10 K, 1 T�, coercivity Hc �10 K�, and re-
manence Mr �10 K� data, which are listed in Table II. While
a broadening of the ferromagnetic-paramagnetic transition

is observed, the TC essentially remains unchanged
�270–290 K� for the films grown under different oxygen
pressures. However, both Ms and Mr steadily increase with
increasing oxygen pressure, while Hc does not show any sys-
tematic variation. The inset in Fig. 10 summarizes the satu-
ration moment as a function of oxygen pressure. It is clear
that the saturation moment increases with increasing oxygen
pressure, and the highest saturation moment is obtained for
the film grown at 800 mTorr, which is closest to being stoi-
chiometric in oxygen and has a TC�275 K. It exhibits a
saturation magnetization �Ms� at 10 K in 1 T field of
4.63
B / f.u., which approaches the theoretical spin-only
value of 5
B / f.u. for fully ordered La2Ni2+Mn4+O6. The
lower than expected moment in the low-pressure grown films
may be explained by the increased structural distortions in-
volving the BO6 octahedra as well as other interatomic struc-
tural features, such as bond angles, bond length, and the
disorder of B-site ions caused by the increase in the concen-
tration of Mn3+ and Ni3+ ions and oxygen vacancies.

Since stoichiometric La2NiMnO6 is a semiconductor,10

double exchange is not expected to be a contributing factor,
and the magnetic properties can be interpreted based on the
rules for the sign of the spin-spin superexchange interac-

FIG. 10. Temperature dependence of the magnetization for
LNMO film grown under 800 mTorr O2 measured in 0.01, 0.2, and
1 T magnetic fields. The inset shows a plot of the saturation mag-
netization in a 1 T magnetic field at 10 K of LNMO thin films
versus the oxygen pressure during growth.

TABLE II. The magnetic properties of LNMO thin films on LAO substrates grown under different oxygen
pressures. F refers to ferromagnetism and TC is the Curie temperature. Ms �10 K, 1 T�, Mr, and Hc are the
magnetization in a 1 T magnetic field, the remanent magnetization, and the coercivity at 10 K, respectively.

Oxygen
pressure
�mTorr�

Type of
magnetic
behavior

Magnetic transition
temperature

�K�
Ms �10 K, 1 T�

�
B/f.u�
Mr �10 K�

�
B/f.u�
Hc �10 K�

�Oe�

25 F 270 0.14 0.09 233

100 F 271 0.30 0.09 295

200 F 270 0.38 0.06 162

300 F 280 0.48 0.10 291

400 F 283 0.99 0.17 239

500 F 290 1.93 0.54 495

600 F 289 2.98 0.97 586

800 F 275 4.63 2.70 152

FIG. 11. M�H� hysteresis loops for the LNMO films grown
under different oxygen pressures on LAO substrates measured at
10 K.
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tions: �1� ferromagnetic �FM� coupling in the case of half-
filled to empty orbital virtual spin transfer, as in e0-O-e2,
such as Mn4+�e0�-O-Ni2+�e2�; �2� antiferromagnetic �AFM�
coupling in the case of half-filled to half-filled orbital virtual
change transfer, as in e2-O-e2 or t3-O-t3, such as
Ni2+�e2�-O-Ni2+�e2� and Mn4+�t3�-O-Mn4+�t3�. In addition,
�3� interactions via �-bonding e orbital dominate those by
�-bonding t orbitals where both are present in the same total
interaction. and �4� Jahn-Teller ions have a single electron in
twofold-degenerate fluctuating e-orbital occupation as in
e1-O-e1 �Ni3+�e1�-O-Mn3+�e1�, Mn3+�e1�-O-Mn3+�e1�, and
Ni3+�e1�-O-Ni3+�e1��, giving a three-dimensional FM, vi-
bronic superexchange interaction.11,21 From our experimental
data, the LNMO samples grown under different oxygen pres-
sures appear to contain varying fractions of Mn4+, Mn3+,
Ni2+, and Ni3+ ions. The FM exchange interactions are
Mn4+-O-Ni2+, Mn3+-O-Ni3+, Ni3+-O-Ni3+, Mn3+-O-Mn3+,
and Mn3+-O-Mn4+. The AFM superexchange interactions are
Mn4+-O-Mn4+, Ni2+-O-Mn3+ and Ni2+-O-Ni2+. In the
samples grown under high oxygen pressures, ordering of
Mn4+ and Ni2+ ions in La2Ni2+Mn4+O6 leads to long-range
FM Mn4+-O-Ni2+ �e0-O-e2� superexchange interactions, but
point disorder can create AFM Mn4+-O-Mn4+ or Ni2+-O-Ni2+

interactions with the antisite ions.26 Moreover, in an ordered
double perovskite, nucleation of atomic order at different
positions results in antiphase boundaries if the positions of
the Ni2+ and Mn4+ are inverted. The antiphase interface be-
tween the two regions would have AFM Ni2+-O-Ni2+ or
Mn4+-O-Mn4+ interactions, whereas both ordered regions
would have FM Ni2+-O-Mn4+ interactions. Oxygen vacan-
cies induce transfer of an electron from the e band of Ni2+

ions to neighboring Mn4+ ions, creating Ni3+ and Mn3+ Jahn-
Teller ions, which cause local Jahn-Teller distortions of the
octahedral sites. The Jahn-Teller distortions would inhibit
long-range ordering of Ni and Mn on different lattice sites,
stabilizing vibronic FM Mn3+-O-Mn3+, Ni3+-O-Mn3+, and
Ni3+-O-Ni3+ superexchange interactions in an atomically dis-
ordered volume. As pointed by Dass and Goodenough,11

such a vibronic superexchange gives a small stabilization as
compared to the static FM Mn4+-O-Ni2+ superexchange,
thus, the magnetization is decreased. On the other hand,
Poeppelmeier et al.35,36 showed that oxygen vacancies can
lead to reversal of the sign of the spin-spin superexchange
interactions. In the case of CaMnO3 samples, both the
Mn3+-O-Mn3+ and Mn4+-O-Mn3+ superexchange interactions
are positive in the orbitally disordered phase if manganese
ions are surrounded by six oxygen anions. However, these
interactions become AFM in the case of fivefold coordina-
tion of the manganese ions. Therefore, decrease in oxygen
content leads to increasing amount of B-site ions with a five-
fold coordination and destroys the long-range FM order. This
induces the AFM part of the superexchange interactions to be
enhanced, which accounts for the reduced magnetization in
the samples grown under lower oxygen pressures.

In order to investigate the effect of epitaxial strain on the
magnetic properties, we have measured the magnetization of
LNMO films of different thicknesses, which were all grown
with a background pressure of 800 mTorr O2. Hysteresis
loops measured at 10 K after zero-field cooling are shown in
Fig. 12. All the samples display hysteresis curves with close

to a rectangular shape, with a high remanence and a low
coercive field. The coercive field of the samples is in the
range of 300–500 Oe, and they all display similar values of
the saturation magnetization of about 4.5
B / f.u. The critical
thickness for strain relaxation in the films is about
40–80 nm, as determined from the Raman spectra. However,
even when the film thickness is larger than the critical thick-
ness, some lattice distortion can still persist. The extent of
lattice distortion and inhomogeneities in the LNMO thin
films decreases the degree of ferromagnetic long-range order,
leading to a decreased magnetization. Since the films of dif-
ferent thicknesses exhibit the same saturation magnetization,
the strain effect on the magnetic properties appears to be
quite small. This suggests that the magnetostrictive effect
and, correspondingly, the direct magnetoelectric coupling in
this system may be relatively weak.

IV. CONCLUSION

In summary, LNMO thin films have been grown on vari-
ous substrates over a wide oxygen pressure range by using
PLD. The oxygen environment during growth has a pro-
nounced effect on the crystal structure, chemical composi-
tion, and magnetic properties of the films. The XRD and
RBS results indicate that with decreasing oxygen pressure
during deposition, the oxygen deficiency and other defects in
the film increases. It is apparent from the STEM and TEM
measurements that the films are epitaxial, and the interface
with the substrate is sharp and coherent. Nevertheless, the
defect density is dependent on the background oxygen pres-
sure during growth, with a lower defect concentration being
observed when the film is grown in a higher oxygen back-
ground pressure. A high background oxygen pressure gives
rise to biphasic thin films, as observed at room temperature.
The high symmetry crystal phase �I type� corresponds to the
crystal structure of the low oxygen pressure sample, in which
symmetry considerations have been claimed to be incompat-
ible with the long-range cation ordering. The second phase is

FIG. 12. M�H� hysteresis loops for LNMO films grown on LAO
substrates under 800 mTorr O2 at 10 K with film thicknesses of �a�
10 nm, �b� 40 nm, �c� 85 nm, and �d� 340 nm.
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a lower symmetry state �P type� that might present B-site
ordering. Consistent with the microscopy and EELS data, the
Raman scattering results show that the AS mode shifts to-
ward lower frequency, while the S mode shifts toward higher
frequency, with increasing oxygen pressure as the film
achieves a more bulklike structure. The magnetic moment of
the samples increases and a sharpening of the ferromagnetic-
paramagnetic transition is observed with increasing pressure,
while the transition temperature �TC� essentially remains un-
changed. The failure to obtain the theoretical saturation mag-
netization of spin-only of 5
B / f.u expected for the fully
ordered La2Ni2+Mn4+O6, even under optimized growth con-
ditions, suggests that a low level of atomic disorder, prima-
rily associated with oxygen vacancies, persists even in the
films grown at the highest oxygen pressure. Based on Raman
measurements, the critical thickness for strain relaxation is
determined to be between 40 and 80 nm. However, the strain
is found to have negligible influence on the magnetic prop-
erties. The results of the Raman, XPS, and EELS measure-
ments suggest that the Mn and Ni ions in LNMO are
mixed-valent Mn3+ /Mn4+ and Ni3+ /Ni2+, and charge dispro-
portionation of the Mn4++Ni2+→Mn3++Ni3+ type likely oc-
curs with decreasing oxygen pressure. The results of this
study clearly indicates the importance of oxygen defects and

mixed cation valence in determining the properties of the
ferromagnetic double perovskite compound LNMO and the
need to carefully control the process conditions in order to
realize its intrinsic properties.
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