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We substitute Mg for Mn in the LaMnO3 compound. LaMn1−xMgxO3 single phases can be formed up to
x=0.5. Structural and electronic properties were studied by means of x-ray diffraction and x-ray absorption
spectroscopy. A double perovskite is observed forxù0.4 whereas no long Mn/Mg ordering is detected for
xø0.3. The former samples also show a structural transition from rhombohedral to monoclinic with decreasing
temperature. The local structure around Mn evidences the absence of Jahn-Teller distortion sincex=0.1. The
samples with low Mg content have a ferromagnetic ground state while samples withxù0.3 undergo a spin-
glass transition at low temperatures. The frequency dependence of the freezing temperature follows a Vogel-
Fulcher law and it is similar to canonical spin-glasses. The high temperature ac susceptibility of all samples
obeys the Curie-Weiss law but the effective paramagnetic moments do not agree with a spin-only contribution
for xø0.4. Finally, we have demonstrated that Mg does not replace La in the perovskite lattice by studying
selected La1−xMgxMnO3 samples. It always enters onto the perovskite B-site.
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I. INTRODUCTION

A large effort has been devoted to the study of mixed
oxides of rare earth and Mn, the so-called manganites, since
the discovery of giant magnetoresistance.1 Nevertheless, the
large variety of properties shown by manganites is not com-
pletely understood so far. A way to gain insight into the
physical properties of these compounds lie in the replace-
ment of Mn in the parent compound, LaMnO3. For instance,
the homovalent substitution of Mn3+ by Ga3+ is detrimental
for the antiferromagnetic ordering of LaMnO3 and
LaMn0.5Ga0.5O3 is ferromagnetic at low temperatures.2 This
magnetic change is correlated with the continuous disappear-
ing of static Mn3+ Jahn-Teller distortion.3 Now, we want to
focus on the effect of disorder in the Mn sublattice with
mixed valency. This topic has been addressed by replacing
Mn with other 3-d transition metals in La2/3Ca1/3MnO3 but it
is difficult to separate disorder effects from new magnetic
interactions. Normally, such a substitution is detrimental
of both the ferromagnetic interaction and metallic
conductivity.4,5 This is true even for nonmagnetic elements6

such as Zn2+. Here we show an alternative way to study the
role of disorder in these compounds by introducing Mg2+

into the Mn sublattice of LaMnO3. LaMn1−xMgxO3 samples
were the subject of several studies. Blasse in the 1950s
claimed that Mn and Mg are ordered onto the B-site in the
LaMn0.5Mg0.5O3 compound forming a double perovskite7 but
the exact crystallographic structure has not been refined so
far. Recent surveys on these compounds have mainly been
focused on their catalytic properties.8 The electrical proper-
ties of LaMn1−xMgxO3 sxø0.2d were also studied showing
that electrical resistivity decreases withx but they keep on
being semiconducting though the samples are ferromagnets.9

Moreover, they exhibit a large nonlinear conduction at low
field strengths in the ferromagnetic phase.10

Our aim in this work is twofold. First, we have carried out
the structural and electronic characterization of the series

verifying the existence of a double perovskite atx,0.5. Sec-
ond, we have characterized the magnetic properties of this
series establishing relationships with structural and elec-
tronic properties. In particular, the comparison of the prop-
erties exhibited by this series to related manganites was also
a matter of our interest.

Finally, recent papers claim for the substitution of Mg for
La.11–14These authors report that the large orthorhombic dis-
tortion induced by this replacement leads to insulating ferro-
magnetic samples with an undisturbed Mn sublattice. This
surprising result has also deserved our attention in order to
establish properly the properties of the La-Mg-Mn-O system.

II. EXPERIMENTAL

The compounds LaMn1−xMgxO3 (x=0.1,0.2,0.3,0.4,0.5)
were prepared by ceramic procedures. Stoichiometric
amounts of La2O3, MnCO3 and MgO were mixed, grounded
and heated at 900°C overnight. Then, the powders were
pressed into pellets and sintered, with intermediate grindings,
at 1400ºC for 1d in air. The pellets were reground, re-
pressed and sintered at 1500ºC for 2d with intermediate
regrinding. This step was performed in air forxø0.2 and in
an oxygen current flow forxù0.3 to ensure the adequate
oxygen stoichiometry for the latter.

All samples were characterized by x-ray powder diffrac-
tion at room temperature. All x-ray patterns were indexed as
an orthorhombic perovskite single phase forxø0.3 whereas
x=0.4 and x=0.5 showed two perovskite phases
(orthorhombic-like and rhombohedral) at room temperature.
Measurements at low temperature were also performed for
x=0.4 andx=0.5 by coupling an Oxford Instruments cry-
ostat to the diffractometer.

Step-scanned powder diffraction patterns were collected
at room temperature using a D-max Rigaku system with a
rotating anode. The diffractometer was operated at 100 mA
and 40 kV with a Cu anode. A graphite monochromator was
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used to select the Cu Ka radiation. Data were collected from
19º up to 130º with a step size of 0.02º and a counting rate of
5 sec/step. The crystal structures were refined by the full
pattern method using the Fullprof program.15

X-ray-absorption measurements at the Mn K-edge were
carried out at the BM29 beam line at the European Synchro-
tron Radiation Facility (Grenoble, France). A fixed-exit
Sis111d double-crystal monochromator with an estimated en-
ergy resolution ofDE/E=8310−5 was used. The absorption
spectra were recorded in the transmission mode at room tem-
perature using ionization chambers as detectors. A Mn foil
was simultaneously measured at room temperature for en-
ergy calibration. X-ray absorption near edge structure
(XANES) spectra were normalized to the high part of the
spectrum(around 100 eV above the absorption edge) after a
linear background subtraction. Extended x-ray absorption
fine structure(EXAFS) spectrafxskdg were obtained by re-
moving the smooth atomic absorption coefficientsm0d by
means of a cubic spline fit. The Fourier Transform(FT) of
the k-weighted EXAFS spectra was calculated between 3.0
and 12.0 Å−1 using a Gaussian window. The EXAFS spectra
were analyzed using the FEFFIT package16 to obtain Debye-
Waller factors(DW) and the inter-atomic distances. FEFFIT
uses backscattering amplitudes and phases calculated by the
FEFF 8.10 code17 for the individual scattering paths. The
structural analysis was performed in theR-space fitting mode
up to 2.2 Å. The model used to fit the first shell Mn K-edge
data takes into account only Mn-O single scattering paths.

The oxygen content of the samples was determined from
redox titration by using Mohr’s salt and KMnO4. Only the
sample withx=0.1 showed a significant excess of oxygen,
i.e., a defect of cations.18 The rest of the samples can be
considered oxygen stoichiometric within the experimental er-
ror. Table I summarizes the structural parameters at room
temperature and oxygen content for all studied samples.

Magnetic measurements were performed between 5 and
380 K and up to 5 T in a commercial Quantum Design
(SQUID) magnetometer provided with an ac experimental
set-up.

III. RESULTS AND DISCUSSION

According to the literature,7–14 Mg2+ can replace both La
and Mn sites, following similar synthetic routes. This point
should be clarified before starting the study of the La-Mg-
Mn-O system. The appendix is devoted to the existence of
La1−xMgxMnO3 compounds. We advance that such samples
are composed by several phases and Mg2+ only enters onto
the perovskites B-site. Therefore, we are now focusing on
the study of the LaMn1−xMgxO3 series.

A. Crystal structure

Figure 1 shows a detail of the x-ray patterns at room
temperature for LaMn1−xMgxO3 samples. Only
LaMn0.5Mg0.5O3 showed a tiny impurity of MgO, hard to
notice in the pattern. The rest of the samples showed clear
single phases. LaMn1−xMgxO3 belongs to the family of per-
ovskite oxides, ABO3, A being the large cation 12-fold coor-

dinated (La in our case) whereas B-site is occupied by a
small cation surrounded by 6 oxygens(Mn and Mg).

The patterns forxø0.3 can be indexed in an orthorhom-
bic cell typical of a large amount of perovskites such as
GdFeO3. Therefore, these patterns were refined using the
Pbnm space group. The refined structural parameters are
summarized in Table I. A first glance to the patterns ofx
ù0.4 samples suggests a rhombohedral structure as observed
in related perovskites such as LaNiO3. However, there is an
additional peak(indicated by an arrow in Fig. 1) that cannot
be indexed in the usual rhombohedral cell(space group

R3̄c). The presence of this superstructure peak is usually
related to the atomic ordering onto the B-sites giving rise to
a double perovskite. It was observed forx=0.5 in the past7

but no crystallographic structure has been reported so far. We
were successful in refining a related ordered structure in the

LaNi1−xMnxO3 system using the space groupR3̄.19 The as-

signation ofR3̄ is in agreement with recent calculations for
ordered rhombohedral cells.20 Therefore, we have refined the
patterns forxù0.4 samples using this space group. However,
the fits were not satisfactory enough and the detailed analysis

TABLE I. Structural parameters for LaMn1−xMgxO3+d samples
at 300 K. The oxygen content is given asd, space group, lattice
parameters, fractional coordinates, isotropic displacement factors
(B) and reliability factors(defined as Ref. 15). Mn and Mg occu-
pations ats1/200d for xø0.3 were fixed to 1−x andx, respectively.
An only B-factor accounts for the oxygens in these samples.s* d
The occupation for this site was fixed to 0.1 Mn+0.4 Mg. Thex
=0.4 and 0.5 also present the minoritary low-temperature phase
whose amount can be deduced from the second line(s.g.).

Sample x=0.1 x=0.2 x=0.3 x=0.4 x=0.5

d 0.11 0.03 0.01 0.02 −0.01

s.g. Pbnm Pbnm Pbnm R3̄s79%d R3̄s91%d
a sÅd 5.5339(1) 5.5340(1) 5.5288(1) 5.5156(1) 5.5109(1)

b sÅd 5.4948(2) 5.5002(1) 5.4898(1) - -

c sÅd 7.7844(2) 7.7912(2) 7.7771(2) 13.2977(2) 13.2861(2)

La:x 0.9966(3) 0.9951(2) 0.9947(2) 0 0

y 0.0191(1) 0.0210(1) 0.0179(1) 0 0

z 1/4 1/4 1/4 0.2494(2) 0.2498(1)

B sÅ2d 0.34(2) 0.18(1) 0.46(2) 0.34(2) 0.45(2)

Mn:x y z 1/2 0 0 1/2 0 0 1/2 0 0 0 0 0 0 0 0

B sÅ2d 0.05(2) 0.09(2) 0.35(3) 0.15(10) 0.38(9)

Mg:x,y,z 1/2 0 0 1/2 0 0 1/2 0 0 0 0 1/2* 0 0 1/2

B sÅ2d 0.05(2) 0.09(2) 0.35(3) 0.10(10) 0.25(10)

O:x 0.081(2) 0.071(2) 0.043(1) 0.556(1) 0.559(1)

y 0.492(1) 0.490(1) 0.496(1) 0.010(2) 0.011(2)

z 1/4 1/4 1/4 0.2552(7) 0.2521(5)

O:x 0.723(1) 0.725(1) 0.731(1) - -

y 0.275(2) 0.276(1) 0.268(1) - -

z 0.030(1) 0.0351(8) 0.0462(8) - -

B sÅ2d 0.86(12) 0.89(11) 0.44(9) 0.38(12) 0.52(9)

Rp/Rwp s%d 7.4/10.8 6.6/9.5 7.0/9.7 6.4/9.0 6.1/9.0

RBraggs%d 3.1 3.4 4.2 3.3 3.0
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of the patterns showed that these samples are composed by

two perovskite phases at room temperature: The mainR3̄
phase and a minority orthorhombic-like phase. This fact
could be due either to a phase segregation arising from a
chemical inhomogeneity or to a structural phase transition at
around room temperature as occurs in related systems.21 In
order to ascertain it, we have carried out x-ray diffraction
measurements from 77 up to 330 K. LaMn0.6Mg0.4O3 and
LaMn0.5Mg0.5O3 showed single orthorhombic-like phases at
77 K. Figure 2 compares x-ray patterns of both phases for
x=0.5. According to Woodward,20 there is not double perov-
skite with an (centrosymmetrical) orthorhombic lattice so
these patterns were analyzed using the monoclinicP21/n

space group(subgroup ofPbnm) thoughb was practically
90º in all cases. Then, the patterns ofxù0.4 samples at room
temperature were analyzed using a mixture ofR3̄ andP21/n
phases giving rise to accurate fits(see Table I). It is notewor-
thy that the first superstructure peak(the arrow in Fig. 1) is
allowed for thePbnmphase though its intensity is very low
(see patterns ofx=0.1 and 0.2 in Fig. 1). The pattern of
LaMn0.7Mg0.3O3 instead showed a significant intensity of
this peak so that we have also refined it inP21/n. The new
fits did not show any noticeable improvement respect to that
of the previous refinement inPbnm. Nevertheless, a partial
ordering of cations onto the B-sites cannot be definitely dis-
carded for this composition and a study on single-crystals
would be desirable to shed light on this subject.

Geometrical factors can account for the change from the
orthorhombic to the rhombohedral cell along the
LaMn1−xMgxO3 series. It is well known that the crystal struc-
tures of ABO3 perovskites are related to the Goldschmidt
tolerance factor defined ast=sRA +ROd / f21/2sRB+ROdg, RA,
RB andRO being the ionic radius for A, B and oxygen atoms,
respectively. Values oft close to 1 are obtained for the ideal
cubic perovskite while smaller values oft lead to cooperative
tilting of the BO6 octahedra in order to minimize the left
space due to the A/B size mismatch.22 Values of t slightly
lower than 1 lead to the appearance of the rhombohedral unit
cell (a−a−a− tilt system, following Glazer’s notation22)
whereas orthorhombic cells are observed fort significantly
smaller than 1(a+b−b− tilt system). The t value limiting
rhombohedral and orthorhombic cells at room temperature
seems to be located atx,0.4 for this series. The trend ob-
served in the LaMn1−xMgxO3 series, with the same AsLad
atom for all samples suggests that the size of the B-site de-
creases with increasing the content of Mg. This counterintui-
tive finding can be understood in terms of the tabulated ionic
radii23 for six-coordinated Mn3+ (high-spin), Mn4+ and Mg2+

that are 0.645, 0.53 and 0.72 Å, respectively. According to
an ionic picture as a first approximation, the replacement of a
Mn3+ by a Mg2+ implies the oxidation of a second Mn3+ into
Mn4+ to preserve the oxygen stoichiometry. Therefore, the
full process can be viewed as the substitution of two Mn3+ by
the mixture of Mn4+ and Mg2+, resulting in a diminution of
the average B-sublattice due to the small Mn4+ size. This
feature can be better noted in the inset of Fig. 1 where the
volume per formula unit is plotted for the whole series.
Overall, this volume decreases following the expected de-
creasing of the average BO6 octahedron. The only exception
is observed for thex=0.1 sample that shows a smaller vol-
ume. This result can be ascribed to the large oxygen excess
detected for this sample that entails the presence of cationic
vacancies.18 It is easy to realize that the rhombohedral cell
has the smallest volume in samples where two phases coexist
at room temperaturesxù0.4d so that a volume expansion
with decreasing temperature, coupled to the structural transi-
tion, can be inferred for both samples as occurs in related

systems.21 Finally, the ratio of theR3̄ phase increases with
increasingx at room temperature. The inset of Fig. 2 shows
the ratio of both phases forxù0.4 samples as a function of
temperature. The phase transition begins at lower tempera-
ture forx=0.5 and it is not complete at 330 K(high limit of
our experimental set-up) for x=0.4.

FIG. 1. Details of the x-ray patterns at room temperature for
LaMn1−xMgxO3 samples. The patterns are shifted to right and up-
wards from bottomsx=0.1d to top sx=0.5d for the sake of compari-
son. Asterisk marks the tiny impurity of MgO. An arrow indicates
the main superstructure peak ascribed to the Mn/Mg ordering.In-
set: Evolution along the LaMn1−xMgxO3 series of the volume per
chemical formula. Note that circles and squares refer to the rhom-
bohedral and monoclinic phases, respectively, forx=0.4 and 0.5.
The broken line indicates the slope of the hypothetical cubic cell
whose edge varies from Mn3+-O-Mn3+ to Mn4+-O-Mg2+.

FIG. 2. Details of thex-ray pattern for LaMn0.5Mg0.5O3 at 77
and 330 K. Inset: Thermal evolution of the phase ratio for
LaMn0.6Mg0.4O3 (black symbols) and LaMn0.5Mg0.5O3 (white sym-
bols). Circles refer to the rhombohedral phase while squares refer to
the monoclinic phase.
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An important structural result concerns to the Mg/Mn
ordering onto the B-sites. This type of ordering is observed
in perovskites when two atoms placed on the B-site have
significant differences in either ionic size or valency state.
The ordered arrangement of B-atoms gives rise to the so-
called double perovskite A2BB8O6.

24 Our results show that
LaMn0.5Mg0.5O3 is actually a double perovskite, i.e.,
La2MnMgO6, and the ordering is preserved at least, down to
x=0.4. Figure 3 shows the variation of B-O distances. The
BO6 octahedron shows a minor spread of B-O distances typi-
cal of the O-orthorhombic phase(samples withxø0.3). The
lack of tetragonal distortion in the MnO6 octahedra can be
ascribed to the oxidation of the Mn sublattice as occur in
related manganites.25,26 It is well known that a just perfect
Mn3+O6 net is necessary to form the O8-orthorhombic
structure.3,27 In the case of thex=0.1 sample, the large oxy-
gen excess also contributes to the oxidation of Mn. The
samples with a high content of Mg exhibit two different BO6
octahedra. The biggest corresponds to Mg2+O6 with an aver-
age Mg-O distance of,2.03 Å whereas the Mn-O distance
values,1.90 Å. These data compare quite well to the tabu-
lated ionic radii.23

B. Local electronic and geometrical structure

In order to gain insight into the electronic configuration
and the local structure along this series, we have measured
x-ray absorption spectra at the Mn K-edge at room tempera-
ture. Figure 4 shows the XANES spectra of the
LaMn1−xMgxO3 samples compared to the reference com-
pounds, LaMnO3 (octahedral Mn3+) and CaMnO3 (octahe-
dral Mn4+ ). The XANES spectra for LaMn1−xMgxO3 show a
strong resonance at energies(measured at the first inflection
point) ranging between 6550.9sx=0d and 6554.5 eVsx
=0.5d. The main difference among the spectra concerns to
the position of this resonance(absorption edge). There is a
continuous shift towards higher energies with increasing the
Mg-content of the sample. The energy shift of the edge rela-
tive to Mn metal is collected in Table II. This shift can be
correlated to the formal Mn valency(i.e., chemical shift).
The edge forxø0.4 samples lies at intermediate positions
between CaMnO3 and LaMnO3, confirming a mixed valence
state for the Mn atoms. The edge position forx=0.5 instead

is almost identical to that for CaMnO3 (see Fig. 4) indicating
a maximum Mn4+ oxidation state in this sample. This result
nicely agrees with the previous crystallographic study and
the chemical titration. In this way, we obtain a similar edge-
position forx=0.1 andx=0.2 compounds in agreement with
the oxygen excess of the former sample. It is worth distin-
guishing the kind of mixed valency present in
LaMn1−xMgxO3 s0.1øxø0.4d samples, i.e., a random distri-
bution of Mn3+ and Mn4+ ions or an intermediate Mn3.h+

state. The weighed addition of LaMnO3 and LaMn0.5Mg0.5O3
XANES spectra could reproduce the edge position of the
spectra for the rest of the samples with intermediate compo-
sitions. However, it fails to reproduce the shape of the spec-
tra because those for intermediate concentrations showed
sharper absorption edges than the calculated from weighted

FIG. 3. Evolution along the LaMn1−xMgxO3 series of the M-O
distance sM=Mn, Mgd. Circles refer to M-Oaxial, squares to
M-Oequatorial, white triangles to Mn-O and black triangles to Mg-O.

FIG. 4. Mn K-edge XANES spectra for LaMnO3 (broken line),
LaMn0.9Mg0.1O3 (crosses), LaMn0.8Mg0.2O3 (triangles),
LaMn0.7Mg0.3O3 (diamonds), LaMn0.6Mg0.4O3 (circles),
LaMn0.5Mg0.5O3 (squares) and CaMnO3 (solid line). Inset: Details
of the pre-peak features after substracting the background.

TABLE II. The relative energy shift of the absorption edge(re-
spect to a Mn foil as reference,E0=6537.7 eV) and the best fit
results from the structural analysis of the first shell of the
LaMn1−xMgxO3 series at the Mn K-edge.N is the coordination
number,RMn-O is the interatomic distance ands2 is the Debye-
Waller factor. Numbers in parentheses are statistical errors in the
last significant digit.

Sample DE0seVd N RMn-OsÅd s2310−3sÅ2d

LaMn0.5Mg0.5O3 16.8 6 1.89(1) 2.0(7)

LaMn0.6Mg0.4O3 16.3 6 1.89(1) 3.9(7)

LaMn0.7Mg0.3O3 15 6 1.90(1) 6.5(7)

LaMn0.8Mg0.2O3 14.6 6 1.92(1) 7.9(6)

LaMn0.9Mg0.1O3 14.6 6 1.93(1) 8.2(7)

LaMnO3 13.2 4 1.92(1) 3.1(6)

2 2.15(1) 3.5(7)
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addition of the reference ones. This result seems to point out
to an intermediate Mn3.h+ state as occur in related
manganites.25,28

The XANES spectra also show broad resonances above
the absorption edge, ascribed to multiple scattering effects,
and weak pre-peak resonances at,10 eV below the absorp-
tion edge. The pre-peak resonances show complicated struc-
tures. They are displayed in detail in the inset of Fig. 4 after
subtracting the edge contribution. The pre-peak features are
usually ascribed to 1s→3d transitions either allowed qua-
drupolar(very weak) or forbidden dipolar. The latter become
allowed due to a strong mixing between 3d and 2p orbitals
arising from the transition metalsMnd and oxygen atoms,
respectively. Some authors recently claim29 that these pre-
peaks in oxides arise from the mixing ofd-states between
neighboring Mn atoms through hybridization with the oxy-
gen p-band. Then, the intensity of the pre-peaks is a mea-
surement of the density ofd-states from neighbor transition
metal atoms. Our results seem to confirm this hypothesis.
First, the intensity of the CaMnO3 pre-peaks is higher than
that for LaMnO3, in agreement with the increase of Mn4+

near-neighbors with more empty 3d-states. Second, the
LaMn1−xMgxO3 samples, instead, show less intensity in the
pre-peak features in spite of the mixed valency state of the
Mn atoms. Moreover, the intensity decreases with increasing
the Mg-content. This finding is very likely to be related to
the increase of Mg2+ ions (without 3d states) as near-
neighbors of the MnO6 octahedra. In particular, it is signifi-
cant the comparison between CaMnO3 and LaMn0.5Mg0.5O3.
Both samples have Mn4+ ions but in the latter case, the Mn is
only surrounded by Mg2+ ions.

The room temperature EXAFS spectra were also mea-
sured for the LaMn1−xMgxO3 samples. Figure 5 shows the
FT for the whole series compared to the undoped compound,
LaMnO3. All of the FT spectra show two strong peaks below
4 Å. The first one at around 1.5 Å(without the phase-shift
correction) corresponds to the first coordination shellsMn-
Od. The second peak, above 3 Å, is associated to the second
shell with Mn-MgsMnd, Mn-La and Mn-O contributions to-
gether with multiple scattering paths. The intensity of both

peaks increases as the content of Mg does. This result can be
understood in basis to the previous crystallographic study.
Accordingly, the increase of both peaks is in agreement with
the diminution of the orthorhombic distortion in the unit cell.
For instance, the first coordination shell in LaMnO3 is com-
posed by three Mn-O distances(with a strong Jahn-Teller
tetragonal distortion) whereas there is only one Mn-O dis-
tance for the rhombohedral LaMn0.5Mg0.5O3. The rest of the
samples exhibit the continuous evolution from the former to
the latter compound.

The analysis of the first coordination shell was performed
in the R-space(see Sec. II for details). The best-fit param-
eters are summarized in Table II. An average Mn-O distance
is observed for all doped samples. Such a distance decreases
as the content of Mg increases in agreement with the increase
of Mn valency. A minimum value of 1.89 Å is found forx
=0.4 andx=0.5 in accordance to typical values of Mn4+

oxides such as CaMnO3.
25 The main structural effect along

the series is expected to be in the Debye-Waller factorss2d
giving us information about the spread of Mn-O distances.
The highest is the Mn valency the lowest iss2. This result
agrees with the presence of regular MnO6 octahedra inx
ù0.4 samples. It is noteworthy that these samples exhibit a
rhombohedral crystallographic cell. The trend ofs2 in this
series is similar to that observed in related manganites with
intermediate Mn valency.25 Nevertheless, the disorder in-
duced by the addition of Mg into the Mn sublattice could
also influence thes2 value in this system.

The Mn-O distances forx=0.4 and 0.5 samples nicely
agree with Sec. III A(see Fig. 3). The rest of the samples
also show a good agreement with the diffraction results. In
this case, it is worth realizing that EXAFS measured only the
Mn-O contribution whereas the interatomic distances ob-
tained from x-ray diffraction concerns both Mn-O and Mg
-O distances(according to the existence of a solid solution).

C. Magnetic properties

Figure 6 shows the zero-field in-phase ac susceptibility
sxac8 d for the whole series. The xac8 curves for
LaMn0.9Mg0.1O3 and LaMn0.8Mg0.2O3 have strong anomalies

FIG. 5. Fourier transform for LaMnO3 (broken line),
LaMn0.9Mg0.1O3 (solid line), LaMn0.8Mg0.2O3 (dotted line),
LaMn0.7Mg0.3O3 (crosses), LaMn0.6Mg0.4O3 (squares),
LaMn0.5Mg0.5O3 (diamonds).

FIG. 6. The ac magnetic susceptibility for LaMn1−xMgxO3

samples. Inset: Isothermal magnetization curves at 5 K for the same
samples.
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typical of long range ferromagnetic(FM) ordering. The Cu-
rie temperaturesTCd defined as the inflection point in thexac8
curves decreases as the content of Mg increases, in
agreement30 with the nonmagnetic character of Mg2+. Below
TC, the xac8 of both samples decrease as temperature does.
This behavior, characteristic of weak FM, might indicate the
presence of a canted structure as found in other manganites.2

The rest of the samplessxù0.3d show a peak at low tem-
peratures in thexac8 curves. Hereafter, we denote the peak
temperature asTf. This fact is likely to be related to the lack
of long-range FM ordering for samples with a high concen-
tration of nonmagnetic Mg2+ ions. Both the height ofTf and
its position decrease with increasing the content of Mg.

The inset of Fig. 6 shows the isothermal magnetization
curves,MsHd, at 5 K for the whole series. All samples show
spontaneous magnetization indicating the presence of FM
interactions at 5 K. However, magnetic saturation is not
achieved at 5 T in any case. TheMsHd curves have a posi-
tive slope at high magnetic fields that may be ascribed either
to the presence of a canted structuresxø0.2d or to a para-
magnetic contribution. The spontaneous magnetization, or
FM component, decreases as the Mg content increases. This
result indicates that FM is weakened by the addition of the
nonmagnetic Mg2+. Although we cannot define a saturated
magnetic moment, we have made use of the value ofMsHd

at 5 T for the sake of comparison. We observed significant
differences between the value ofMsHd at 5 T and the theo-
retical saturated magnetic moments. Moreover, this differ-
ence increases as the Mg content does. For instance,MsHd at
5 T is 3.05 and 2.1mB/ fu for LaMn0.9Mg0.1O3 and
LaMn0.8Mg0.2O3, respectively, whereas theoretical values(a
spin-only contribution) would be 3.3 and 3.0mB/ fu, respec-
tively. The discrepancy is even higher for the rest of the
samples. This result also suggests the lack of FM ordering as
Mg replaces Mn in the unit cell.

Figure 7 shows the 1/xac8 vs temperature curves for the
whole series. It is noteworthy that all samples obey the
Curie-Weiss law at high temperatures, well aboveTC sx
ø0.2d or Tf sxù0.3d. The best-fit parameters are summa-
rized in Table III together with the theoretical paramagnetic
effective momentssrthd. The fits are also included in Fig. 7
and it is easy to note that all lines cut the positivex-axis
indicating a preponderance of the FM interactions. The cut
point (Weiss constant) decreases asx increases in agreement
with a weakening of the FM interactions. The experimental
paramagnetic effective momentsreffd also decreases with in-
creasingx. Two contributions can account for this result.
First, the increase of the nonmagnetic Mg2+ ions and second,
the increase of the Mn4+/Mn3+ ratio (diminution of 3d elec-
trons) with increasing the Mg content. Thereff are compared
to rth in Table III. The latter have been calculated consider-
ing a spin-only contribution and taking into account the
Mn4+/Mn3+ ratio deduced from the oxygen content(see
Table I). There is a significant difference betweenreff andrth
values for samples with a low content of Mg. This discrep-
ancy may be ascribed to the presence of short-range FM
interactions aboveTc as was observed in other manganites.31

Such a discrepancy diminishes for samples with a high con-
tent of Mg and the experimentalreff of LaMn0.5Mg0.5O3 ap-
proaches the theoretical value.

The xac8 curves of Fig. 6 highlighted the lack of FM or-
dering for xù0.3 samples. In order to gain insight into the
magnetic properties of these samples, we have measured dc
magnetization vs temperature curves at different magnetic
fields. The measurements, displayed in Fig. 8, were carried
out in Zero-Field Cooled(ZFC) and Field-Cooled(FC) con-
ditions. Figure 8(b) shows the results forx=0.4. At low fields
s0.1 kOed, both FC and ZFC curves have a peak at,10 and
,14 K, respectively. Magnetic irreversibility begins at tem-
peratures above these maxima. The increase of the field

FIG. 7. Inverse of ac magnetic susceptibility vs temperature for
xø0.3. Inset: Inverse of ac magnetic susceptibility vs temperature
for xù0.4. The straight lines are the fits to a Curie-Weiss law from
200 up to 330 K. The regression of the linear fits were better than
0.9996 for all cases.

TABLE III. Magnetic data from the fits of experimental ac susceptibility to the Curie Weiss law.C refers
to Curie constant,u to Weiss constant,reff is the experimental effective paramagnetic moment andrth is the
theoretical effective paramagnetic moment(spin-only). We consider LaMn1−xMgxO3±d as a formula unit.
Finally, TC sxø0.2d is the Curie temperature obtained from the inflection point of thexac8 (T) curves and
Tf sxù0.3d is the peak temperature ofxac8 sTd curves measured at 9 Hz of the ac field.

Samplesxd C semuK/moleOed u sKd reff smB/ fud rth smB/ fud TC or Tf sKd

0.1 3.65 158.0 5.41 4.55 112

0.2 3.08 143.7 4.96 4.17 79

0.3 2.43 116.5 4.41 3.75 31.5

0.4 1.70 91.6 3.69 3.28 14

0.5 1.06 23.2 2.91 2.73 8.5
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s,1 kOed has two effects: The height of the peak decreases
and is shifted to a lower temperature. The irreversibility
range also decreases and it begins at around the cusp of both
curves. Finally, the peak is completely smoothed down at
10 kOe where FC and ZFC curves are identical. Small dif-
ferences are observed in the other two samples. For instance,
the magnetic irreversibility of LaMn0.7Mg0.3O3, shown in
Fig. 8(a), begins at the peak since the lower field-tested. The
LaMn0.5Mg0.5O3 instead, show a small irreversibility at tem-
peratures below the peak that practically disappears at 1 kOe
[Fig. 8(c)].

The divergence in the ZFC and FC curves is a feature
ascribed to spin(or cluster)-glass behavior.32,33 In order to
ascertain it, the ac susceptibility at low temperature was also
studied in detail forxù0.3 samples. Figure 9 shows the tem-
perature dependence of the ac susceptibility(in-phase com-
ponent) at different frequencies of the alternating field. All
these curves exhibit a clear peak atTf. A dynamic behavior is
deduced for the three samples. The height of the peak atTf
slightly decreases and it is shifted to higher temperatures
with increasing the frequency of the ac field. This behavior is

observed at and belowTf for x=0.3 and 0.5. Thex=0.4
sample instead shows a shoulder at higher temperature
s,30 Kd that also shows dynamic behavior. The out-of
phase component of this sample also shows two peaks as-
cribed to these features(not shown here). Therefore, thexac8
curves at different frequencies converge at temperatures well
aboveTf in this case. This finding is likely to be related to
the magnetic irreversibility observed in the dc magnetization
(compare in Fig. 8 the different results betweenx=0.4 and
the other two samples, for instance).

This dynamic behavior of thexac8 curves is also character-
istic of spin (cluster)-glass systems. The frequencysyd de-
pendence of Tf is usually characterized by the term
DTf / sTf 3D ln yd. In the present series, this term decreases
as the Mn content does. It ranges between 4.5310−3 and 5
310−4, values that address very well with canonical
spin-glasses.32,33 The frequency dependence ofTf, Tfsyd,
cannot be fitted by an Arrhenius law in the whole
series. They obey instead, a Vogel-Fulcher law,32–34 y
=y0 expf−E/KBsTf −TOdg. This empirical law is often done in
treating the vitrification of real glasses but there is not agree-
ment about the physical interpretation of the critical tempera-
ture, TO, in the case of spin-glasses. Nevertheless, it is
widely used in the magnetic studies of spin-glasses for the
sake of comparison. Taking a value34 of y0=10−13 s−1, we
have obtained reasonable values forTO andE/KB. TO is 27,
13 and 8 K forx=0.3, 0.4 and 0.5 samples, respectively. The
activation energy,E/KB, values 100, 42 and 4 K for the
same samples. The diminution of both parameters with in-
creasingx is in agreement with a decrease in the number of
frozen magnetic atoms.34 Finally, we note that the dynamic
behavior found in LaMn1−xMgxO3 sxù0.3d is smaller than
other manganites characterized as cluster-glasses. This may
be a consequence of the role of Mg2+ ions that tend to form
a double perovskite avoiding the gathering of Mn-clusters.

Our measurements confirm the presence of a spin-glass-
like phase forxù0.3 samples. This implies the presence of
competitive interactions and randomness leading to magnetic
frustration.32 Both randomness and competitive interactions
can easily be invoked forx=0.3. First, we have not detected
a double perovskite structure for this sample(ordering of
Mg2+ and Mn3.h+ onto the B-sites) but the tendency of Mg2+

FIG. 8. Magnetization vs temperature curve after cooling the
samples without an external magnetic field(ZFC branch) or cooling
with the measuring field(FC branch) for LaMn0.7Mg0.3O3 (a),
LaMn0.6Mg0.4O3 (b) and LaMn0.5Mg0.5O3 (c).

FIG. 9. Details of the ac susceptibility at low temperature and at
different frequencies forx=0.3 and 0.4(multiplied by 3). Inset: ac
susceptibility curves forx=0.5. The frequencies of the ac field were
(from left to right) 0.9, 9, 90 and 900 Hz.

STRUCTURE AND MAGNETIC PROPERTIES OF LaMn1−xMgxO3 PHYSICAL REVIEW B 70, 094426(2004)

094426-7



to be surrounded by MnO6 octahedra has to be taken into
account. Second, competitive interactions are found in ox-
ides with Mn in mixed valence. For example, considering an
assembly of Mn3+ and Mn4+ ions as a rough approximation,
either AFM (Mn4+-O-Mn+4 or Mn3+-O-Mn+3) and FM
sMn4+-O-Mn+3d interactions are expected.35

A bit more difficult could be to understand the presence of
competitive magnetic interactions inx=0.5. A perfect double
perovskite with alternating Mg2+ and Mn4+ would result in
isolated Mn4+ ions and a paramagnetic ground state would be
expected. Several possibilities could account for this behav-
ior. First, long-range superexchange interactions were in-
voked in the past to account for the magnetic ordering in
related double perovskites.36 Second, the presence of miss-
site defects, quite common in double perovskites, could also
allow the formation of Mn4+-O-Mn4+ paths in this com-
pound. In this case, it is worth noting that there is not spin
glasses with only AFM interactions32 so only miss-site de-
fects are not enough to form competitive interactions. How-
ever, the presence of oxygen deficiency as a source for a bit
of mixed-valence Mn could give rise to the presence of com-
petitive interactions. The small oxygen deficiency indicated
in Table I for this sample would agree with this hypothesis.
Accordingly, the low value ofTf agrees with a very low
amount of “magnetic impurities.”

Finally, the x=0.4 sample shows particular features,
namely two anomalies in thexac8 curves and a large ZFC-FC
magnetic irreversibility at temperature aboveTf. Chemical
inhomogeneities cannot be discarded to explain these prop-
erties. However, such inhomogeneities could be intrinsic to
the sample. We note that this sample has the structure typical
of a double perovskite so part of Mn atoms must be located
into the big “Mg-site.” Bearing in mind the two crystallo-
graphic sites for Mn atoms, the two magnetic anomalies may
arise from a bimodal distribution of magnetic clusters with
different sizes. In such a case, the sample would be com-
posed of clusters similar to thex=0.5 sample(regions with
Mn almost isolated) and clusters similar tox=0.3 (neighbor-
hood to the Mn located in the “Mg-site”).

IV. CONCLUSIONS

The substitution of Mn with Mg in LaMnO3 strongly af-
fects the crystallographic and magnetic properties of the
LaMn1−xMgxO3 system. There is not evidence of the reported
substitution of La with Mg. In fact, the tested
La1−xMgxMnO3 samples were multiphasic, LaMn1−xMgxO3
being the only perovskite phase(see the Appendix). No long
range ordering of Mg and Mn atoms onto the B-site was
detected forxø0.3 samples. The crystal structure is ortho-
rhombic without the periodic arrangement of tetragonal dis-
torted MnO6 octahedron(O8-structure) characteristic of the
parent compoundsx=0d. Higher levels of replacingsx
ù0.4d leads to an ordered arrangement of Mg and Mn atoms
onto the B site giving rise to a double ABB8O6 perovskite.
We have detected two perovskite phases at room temperature
in this concentration range: rhombohedral(main phase) and
monoclinic (minority). This result is ascribed to a structural
phase transition just around room temperature for both

samples. Both samples are single phase at 77 K(monoclinic)
and above room temperature(rhombohedral). The appear-
ance of a rhombohedral cell is justified by the average de-
crease of the B-sublattice due to formation of Mn4+ whose
small ionic radius has more effect on the B-size than the big
Mg2+.

XANES evidenced that the oxidation state of Mn continu-
ously increases from +3sx=0d up to +4sx=0.5d. Therefore,
an intermediate valency of the Mn atom is observed for in-
termediate concentrations as occurs in La1−xCaxMnO3
samples.28 According to the XANES results, EXAFS mea-
surements showed a continuous decrease of the Mn-O dis-
tances with an increase in the content of Mg. There is not
evidence of tetragonal distortion in the MnO6 octahedron
since the lowest substitution testedsx=0.1d.

The s2 factors exhibit the same trend in both
LaMn1−xMgxO3 and La1−xCaxMnO3 series. In fact,s2 has
similar values for CaMnO3 and LaMn0.5Mg0.5O3. The rest of
LaMn1−xMgxO3 samples show highers2 values for the same
nominal Mn valency. This finding may be ascribed to the
disorder induced by the Mg substitution in the Mn sublattice.

Magnetic properties also change drastically. The occur-
rence of FM forxø0.2 samples is ascribed to the mixed-
valence state of Mn atoms as occurs in related manganites.1

However, the insulating behavior of these samples9,10 high-
lights, the importance of a perfect Mn sublattice to achieve
the metallic FM state inferred from the double exchange
mechanism.37 The disorder induced by Mg is enough to lo-
calize carriers but it does not preclude the magnetic ordering.
TC diminishes with increasingx and for xù0.3 a random
magnetic system is observed at low temperatures. The loss of
FM ordering can be understood in terms of two combined
effects. First, the increase of formal Mn-valency giving rise
to competitive interactions and second, the disorder induced
by substituting Mg for Mn in spite of the tendency to de-
velop a selective occupation onto the perovskite B-sites. The
spin-glass transition is developed at lower temperatures as
the Mn content decreases in agreement with a diminution of
the number and size of magnetic clusters. The spin-glasses
were characterized andTfsyd of the three samples follows a
Vogel-Fulchar law with fit-parameters similar to other spin-
glass systems.
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APPENDIX: IS IT POSSIBLE TO SUBSTITUTE Mg FOR
La IN LaMnO 3?

Recent studies11–14claim for the substitution of Mg for La
in the perovskite lattice. This finding was a subject of
controversy38 that keeps on to date. The ceramic procedure
reported to prepare La1−xMgxMnO3 is very similar to the
synthetic route used in this work so a partial distribution of
Mg2+ ions onto both sites would influence the physical prop-
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erties, strongly. Nevertheless, this kind of replacement is
quite surprising considering that there are not examples of
solid solutions between Mg and La oxides in the literature39

while there is a lot of Mg and Mn mixed oxides forming
solid solutions.40,41 First of all, Mg2+ is too small for the
12-fold coordinated A-site in the perovskite cell. Even, there
is not a tabulated ionic radius for 9-fold coordinated Mg2+

with oxygen atoms.23 Moreover, other ions with similar size
form competitive ABO3 phases42 such as InMnO3 (note the
similar ionic sizes for 8-coordinated In3+ and Mg2+ that are
0.92 and 0.89 Å, respectively). Finally, if Mg2+ replaced
La3+ in the perovskite cell, the easy preparation of
LaMn1−xMgxO3 phases would be quite surprising without the
apparent segregation of secondary phases arising from the
partial substitution of La.

In order to gain insight into the site-preference of Mg2+

ions, we attempted to prepare several La1−xMgxMnO3
samples(x=0.33,0.5) following the reported synthesis.11–14

We have never found single phases in our samples though
the main phase is a perovskite. Figure 10 shows the x-ray
patterns for both samples. Impurity peaks are clearly visible
and according to the binary MgO-Mn2O3 phase diagram,41

they can be ascribed to the presence of spinelsMg2MnO4d
and Hausmanite-likesMg1−xMn2+xO4d phases. Concerning
the perovskite phase, we were not able to reproduce the pre-
vious results.13,14 Our patterns can hardly be indexed in the
frame of an orthorhombic phase with the large distortion
reported elsewhere.14 A detailed inspection of the patterns
evidences the presence of two perovskite phases, orthorhom-
bic and rhombohedral.

Secondly, Rietveld analysis clearly shows that Mg does
not enter into the La-site. Figure 11(a) shows the best refine-
ment for La0.67Mg0.33MnO3 using a single orthorhombic per-
ovskite phase. Convergence is not reached, not only due to
the additional peaks from secondary phases but also to the
strong discrepancy in the intensity of several perovskite
peaks. Such a discrepancy will disappear considering that
Mg replaces Mn in these samples. A conclusion results evi-
dent. If we always substituted Mn for Mg, we would have an
excess of Mn/Mg in the La1−xMgxMnO3 samples giving rise
to the mentioned secondary phases. We were successful in

refining our x-ray patterns by using four phases:Pbnmper-

ovskite, R3̄c perovskite, MgMn2O4 and Mg2MnO4. The
Mn/Mg ratio in the perovskite phases was fixed to the start-
ing value and the final refinement for the nominal
La0.67Mg0.33MnO3 is shown in Fig. 11(b).

On the other hand, the inset of Fig. 11(b) shows the ac
magnetic susceptibility of La0.67Mg0.33MnO3 that correlates
quite well with the reported in Ref. 12 for the same nominal
sample. These results indicate that the properties ascribed to
La1−xMgxMnO3 single phases might be due to a mixture of
phases. In the same way, the substitution of Mg for Mn can
go unnoticed for low doping ratio due to the formation of La
vacancies, the so-called self-doping.38

Finally, we have not detected the presence of superstruc-
ture peaks arising from the Mn/Mg ordering in these perov-

skite phases justifying the use ofPbnm and R3̄c space
groups. This is in agreement with the relative low Mg/Mn
ratio but, surprisingly, a rhombohedral phase is now ob-
served for Mg/Mn,0.33 while in section III A, we ob-
served a single orthorhombic phase for Mg/Mn,0.43. This
fact is most likely to be related to differences in the oxygen
content between both series due to the different sintering
temperature(lower for La1−xMgxMnO3 samples). It is well
known that oxygen excess favors the appearing of rhombo-
hedral phases in the LaMnO3+d system.43

FIG. 10. Details of the x-ray patterns for La0.67Mg0.33MnO3 and
La0.5Mg0.5MnO3 at room temperature.

FIG. 11. Profile refinement of the La0.67Mg0.33MnO3 x-ray pat-
tern considering(a) a single orthorhombic perovskite phase;(b)

four phases:PbnmandR3̄c perovskites with a Mn/Mg solid solu-
tion, cubic spinel Mg2MnO4 and hausmanite MgMn2O4. Inset: the
ac magnetic susceptibility for La0.67Mg0.33MnO3. Reliability factors
indicated in both figures are defined in Ref. 15.
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