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Thermogravimetry, X-ray diffraction (XRD), d.c. magnetization, high-temperature susceptibility and

electrical resistivity measurements were performed for LaMn0.85Cr0.15O3+d perovskites with accurate

control of the oxygen content (0pdp0.11). For 0pdo0.09, three orthorhombic structures (Pnma) are

found: for 0pdo0.045, the O0 phase (b/O2ocoa), for 0.045pdo0.06, the O00 (b/O2oaoc) and for

0.06pdo0.09, the O000 (aob/O2oc). For 0.09pdp0.11, a rhombohedral symmetry ðR3cÞ coexists with

O000 in a biphasic field. Magnetic measurements revealed the ferromagnetic interactions (FM) character

of the Mn3+–O–Cr3+ interaction, but also the intricate magnetic phase diagram due to the presence of

multiple interactions (Mn3+,4+–O–Mn3+,4+, Cr3+–O–Mn3+, etc.). The comparison of the results for

LaMn0.85Cr0.15O3+d with those of LaMn0.9Cr0.1O3+d allows discuss the role of Cr3+ on the structural,

magnetic and magnetotransport properties of the LaMn1�xCrxO3+d perovskites.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Compounds with perovskite structure are extensively studied
due to their wide range of interesting properties. The ideal cubic
perovskite structure, ABX3, ðS:G:Pm3mÞ consists essentially of a
framework of BX6 octahedra linked by their corners, with a large
12 coordinated A cation. If the A, B, and X ions are not of ideal
relative size, structural distortions occur and depend on the sizes
and bonding character of the cations. In these compounds, the
magnetic cation–anion–cation exchange interaction depends on
the electron configuration of the B cations and on both, the B–O
distances and the B–O–B bond angles. The strength of the
magnetic exchange interaction is strongly dependent on the
magnitude of the bond angle [1].

There has been substantial interest in the LaMnO3+d perovskite
due to the rich magnetic phase diagram and the relationship with
structural distortions induced by variation of oxygen content
[2,3]. The stoichiometric compound has O0 orthorhombic sym-
metry (b/O2ocoa) with A-type antiferromagnetic order. This
order consists of ferromagnetic (FM) interactions in the (001)
plane and AFM interactions between them. This magnetic
configuration is related to orbital ordering between empty and
occupied eg states in the a– b plane and AFM superexchange (SE)
ll rights reserved.
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interactions between two manganese with three half-filled t2g

orbitals. LaMnO3.00 contains trivalent manganese and due to the
strong Hund’s coupling, these ions adopt a high spin configuration
t2g

3 eg
1. According to the Jahn–Teller theorem, a distortion of the

local octahedral environment is energetically favorable. This
distortion is accomplished by lengthening two of the Mn–O
bonds, which lowers the energy of the occupied 3dz

2 orbital,
relative to the empty 3dx

2
�y

2 [1]. A small FM component is always
present due to the antisymmetric Dzialoshinski exchange cou-
pling (Dij � Si� Sj) introduced by the tilt of the MnO6 octahedra
leading to a weak-ferromagnetic phase.

The cooperative Jahn–Teller distortion (JTD) can be suppressed
increasing either the temperature or the oxygen content. The
latter changes the average Mn valence (Mn3+–Mn4+) raising the
hole concentration, i.e. the empty eg levels. Thus, increasing Mn4+

concentration favors FM order due to the Mn3+–O–Mn4+ double
exchange (DE) interaction and the progressive remove of JTD. The
CMR process in manganites is associated with the DE mechanism
as a result of the motion of the eg electron [4,5]. This concept is
usually applied when a mixed valence ion is present. The
substitution of Mn ions (by Cr, Sn, Co, Ni, Fe, etc.) alters the
magnetic interactions in the Mn–O network and therefore the
magnetic phase diagram. For this reason, these substitutions have
been extensively studied [6–9]. This is also another way to fully
understand the origin of the magnetoresistance effect.

In Cr-doped manganites, chromium is incorporated as Cr3+ in
the B site of the perovskite structure. Since Cr3+ is isoelectronic
with Mn4+ (3d3–t2g

3eg
0) it could play a similar role in the DE
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mechanism as Mn4+. The role of Cr3+ in the magnetism of
LaMn1�xCrxO3 has been discussed in the literature in recent years.
An early neutron diffraction study of the LaMn1�xCrxO3 solid
solution indicates that the A-type AFM structure of LaMnO3

persists only for very small concentrations of Cr3+, while the G-
type AFM of LaCrO3 is found over a wide compositional range. The
introduction of Cr3+ into the A-type AFM structure leads to a spin
reversal of some of the Mn3+ nearest neighbors increasing the
ferromagnetic moment [10]. Later some authors suggested a
ferromagnetic Cr3+–O–Mn3+ exchange interaction (SE or DE) since
Cr3+ is isoelectronic with Mn4+ [11–15]. However, it has been
claimed that the effective DE interaction cannot be established
between Cr3+ and Mn3+ ions and only the SE takes place [16,17].
A recent publication suggests the presence of two different DE
processes in this system: a strong Mn3+–O–Mn4+ DE interaction
and a weak Mn3+–O–Cr3+ one [18,19]. The AFM character of this
interaction has been also suggested by others authors [20]. More
recently, the effect of Cr substitution on samples free of Mn4+ was
reported by Morales et al. [21]. With the help of a simple model, it
was possible to explain the presence of magnetoresistance by the
appearance of a gap between Mn3+ and Cr3+ electronic bands that
becomes smaller by increasing Cr content and applying an
external magnetic field. This model proposes the necessity of DE
mechanism between Mn3+ and Cr3+ to explain the high values of
the observed magnetoresistance.

It is worth mentioning that in most of the studies carried out
on LaMn1�xCrxO3 (0oxo1) samples, the effect of oxygen content
on the crystal structure and magnetic behavior has not been
analyzed in detail.

The paper is aimed at reporting a systematic study of the
magnetic and transport properties and its interplay with the
structural features of the LaMn1�xCrxO3+d system as a function of
chromium, x, and oxygen content, 3+d. For this purpose, the d
values were varied over a wide range (0pdp0.11) for x ¼ 0.15 and
both, the evolution of the crystal structure and the magnetic
response were followed. The results presented here are discussed
in comparison with previous ones obtained for LaMn0.90Cr0.10O3+d

(0pdp0.12) compositions [22]. This comparison allows to clarify
the role of Cr3+ on the structural, magnetic and magnetotransport
properties of the LaMn1�xCrxO3+d perovskites.
Fig. 1. Comparison between isotherms of log{p(O2)/atm} vs. oxygen content (3+d)

of LaMnO3+d and LaMn0.85Cr0.15O3+d at T ¼ 1000 1C. Extra points under pure oxygen

at lower temperatures are included and marked in this plot.
2. Experimental

Samples of nominal composition LaMn0.85Cr0.15O3 were
synthesized following the liquid-mix method [23] using La2O3,
CrO3, and metallic Mn (all reactants with purity higher than
99.9%) as reagents. The phase was prepared in the same way as
reported elsewhere [22] and synthesized at 1000 1C for 12 h in air.
By in-situ high-temperature X-ray diffraction (XRD), it was found
that, for T41050 1C in air, a secondary phase (Cr, Mn)3O4 is
precipitated. Prior to use, La2O3 and CrO3 were thermally treated
in order to remove absorbed or chemically bonded products such
as CO2 and H2O.

XRD patterns were collected on a Philips PW-1700 diffract-
ometer using CuKa radiation and a graphite monochromator. The
structural refinements were carried out using the Rietveld method
(Fullprof) [24]. For this purpose, the diffractograms were collected
in the 201p2yp1201 range, with steps of 0.021 and counting time
of 15 s per step.

Equilibrium p(O2) measurements as a function of 3+d and
temperature, T, were performed using thermogravimetric (TG)
equipment consisting of a symmetrical thermobalance based on a
Cahn 1000 electrobalance coupled to an electrochemical system
[25]. Samples with controlled oxygen content (3.00p3+dp3.11)
were prepared by annealing at different temperatures and p(O2)
values for 24 h and then quenching in liquid nitrogen. We handle a
highly accurate method to control the oxygen content of non-
stoichiometric oxides. This method was used previously to study
several complex oxide systems [3,22,26,27]. Although oxygen
excess in the perovskite structure is not possible due to its
compact character, in the present work the oxygen content is
expressed as 3+d just for clarity instead of the chemical formula
La3/3+d (Mn0.85Cr0.15)3/3+d O3.

Magnetization (M) data were measured between 5 and 300 K
under an applied magnetic field (H) of 0.01 T and at 5 K
with �5 TpHp5 T. Both kinds of measurement were made in a
SQUID magnetometer (quantum design). The electrical resistance
(R) vs. T was obtained by the four-probe method with both H ¼ 0
and 7 T.
3. Results and discussion

3.1. Oxygen non-stoichiometry

The TG curve for the LaMn0.85Cr0.15O3+d compound was
measured in order to determine the range of oxygen non-
stoichiometry. The log{p(O2)/atm} dependence as a function of
3+d for the 1000 1C isotherm is plotted in Fig. 1. The curve
corresponding to LaMnO3+d is also included for comparison. The
rapid variation of p(O2) for log{p(O2)/atm}o�5 indicates the
existence of the stoichiometric LaMn0.85Cr0.15O3.00 compound.
Considering that the oxygen stoichiometric phase is formed at
1000 1C within the range �7olog{p(O2)/atm}o�5 it is possible to
accurately determine the absolute oxygen concentration of
samples as a function of p(O2). Extra data points (900, 800,
and 700 1C) taken under pure oxygen were added in Fig. 1
to show the increase in oxygen content as the temperature
decreases.

Oxygen non-stoichiometry of this compound is clearly re-
vealed through the shape of the obtained curve. This fact
obviously shows the importance of the synthesis procedure and
the correct characterization of the samples. The oxygen non-
stoichiometry for LaMn0.85Cr0.15O3+d is smaller than that of the
LaMnO3+d compound but it is still very significant. By comparison
with the curve presented by Morales and Caneiro [22] for
LaMn0.9Cr0.1O3+d the oxygen non-stoichiometry decreases as the
Cr content increases, which is in agreement with the fact that the
pure LaCrO3 phase is stoichiometric in oxygen.
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Table 2
Evolution as a function of oxygen content of the structural distortion

3+d dm (Å) dl (Å) ds (Å) s j (deg.) o (deg.)

3.00 1.979(6) 2.115(8) 1.922(3) 0.911 12.0(1) 11.5(1)

3.01 1.980(3) 2.103(7) 1.923(6) 0.914 11.8(1) 11.4(1)

3.02 1.984(2) 2.085(6) 1.924(6) 0.919 11.7(1) 10.8(1)

3.03 1.983(2) 2.084(4) 1.922(5) 0.920 11.4(1) 10.8(1)

3.04 1.985(2) 2.043(7) 1.939(7) 0.926 11.1(1) 10.3(1)

3.05 1.985(1) 1.991(8) 1.981(8) 0.943 10.8(1) 10.1(1)

3.06 1.984(1) 1.999(7) 1.986(8) 0.945 10.6(1) 9.9(1)

3.07 1.980(1) 1.982(7) 1.978(7) 0.947 10.2(1) 9.6(1)

Distances between B-site cation and oxygen, (dm
¼ d(B–O1)m, dl

¼ d(B–O2)l, and

ds
¼ d(B–O2)s, O1 being the apical oxygen and O2 the in-plane oxygen), tilt angle

(j ¼ (180-B– O1– B)/2), rotation angle o ¼ (180-B–O2– B)/2), and steric factor

ðs ¼ ðdðA� OÞ=
ffiffiffi

2
p

dðB� OÞÞ.
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3.2. Structural characterization

The XRD profiles at room temperature indicated that all
samples (0pdp0.11) were single phase in the sense that impurity
phases were not detected (Fig. 2). This was confirmed by
microanalysis techniques (SEM–EDS) where agreement with the
cation stoichiometry was established. For 0pdo0.09, the studied
samples displayed orthorhombic symmetry. Those with
0.09pdo0.11 revealed the existence of a biphasic field where
orthorhombic and rhombohedral symmetries coexist.

Henceforth, the ions at the B-site of the perovskite structure
(Mn3+,4+ and Cr3+) will be referred as B (both cations occupy the
same crystallographic site).

The results of structural refinements are presented in Tables 1
and 2. The structure of samples with orthorhombic symmetry was
refined using space group Pnma with La3+ in position 4(c) ¼ (x,
1/4, y), B cations in 4(b) ¼ (0,0,1/2), O in 4(c) and 8(d) ¼ (x, y, z).
This symmetry is characterized by the cooperative buckling of
corner-shared octahedra decreasing the cation–anion–cation
angle: in plane this rotation is given by the rotation angle
o ¼ (180-B–O2–B)/2, O2 being the in-plane oxygen (see Fig. 3).
Between planes the rotation is described by the tilt angle
Fig. 2. X-ray powder diffraction data of the studied samples (3+d ¼ 3.00, 3.01,

3.02, 3.03, 3.04, 3.05, 3.06, 3.07, 3.09, and 3.11). No impurity phases were detected

in all of them.

Table 1
Variation of cell parameters, volume, and symmetry as a function of oxygen

content

3+d Symmetry a (Å) b* (Å) c (Å) Vol. (Å3)

3.00 O0 (b*ocoa) 5.6509(1) 5.4742(1) 5.5369(1) 242.351(4)

3.01 O0 (b*ocoa) 5.6287(2) 5.4801(2) 5.5361(2) 241.502(4)

3.02 O0 (b*ocoa) 5.5996(1) 5.4950(1) 5.5393(2) 241.043(4)

3.03 O0 (b*ocoa) 5.5914(1) 5.4965(3) 5.5382(2) 240.709(4)

3.04 O0 (b*ocoa) 5.5488(1) 5.5091(1) 5.5346(1) 239.263(4)

3.05 O00 (b*oaoc) 5.5265(1) 5.5156(1) 5.5364(1) 238.661(4)

3.06 O000 (aob*oc) 5.5145(1) 5.5173(1) 5.5393(1) 238.345(4)

3.07 O000 (aob*oc) 5.5056(1) 5.5124(1) 5.5375(1) 237.669(4)

3.09 O000 (aob*oc) 5.5036(1) 5.5096(1) 5.544 (1) 237.742(4)

R 5.5401(1) 5.4615(1)y 355.742(4)

3.11 O000 (aob*oc) 5.4853(1) 5.4968(1) 5.5283(1) 235.735(4)

R 5.5305(1) 5.4446(1)y 353.267(4)

b* ¼ b/O2 for the orthorhombic symmetry (S.G. Pnma) and cy ¼ c/O6 for the

rhombohedral (S.G. R3c).

Fig. 3. Representation of the orthorhombic perovskite structure (S.G. Pnma).

Following this picture is easy to recognize the parameters that characterized the

structural distortions: tilt angle ¼ j ¼ (180-B–O1–B)/2; rotation angle ¼ o ¼ (180-

B–O2–B)/2; the three distances inside the octahedron: the long distance

dl
¼ d(B–O2)l, the short one ds

¼ d(B–O2)s, and the medium distance

dm
¼ d(B–O1)m.
j ¼ (180-B–O1–B)/2, with O1 being the apical oxygen. In addition,
the cooperative Jahn–Teller effect causes the deformation of the
octahedra and for this reason, there exists three different
distances: in-plane, the long distance dl

¼ d(B–O2)l and the short
ds
¼ d(B–O2)s, and between planes the medium distance

dm
¼ d(B–O1)m (see Fig. 3). As the distortion decreases, the

transition to the rhombohedral symmetry occurs where the
rotation and tilt angles are equal and the octahedra are regular.
In this case the space group used was R3̄c (in hexagonal axes) with
La3+ in position 6(a) ¼ (0, 0, 1/4), B cations in 6(b) ¼ (0,0,0), and O
in 18(e) ¼ (x, 0,1/4).

Table 1 lists the cell parameters, the relationship between
them (with the symmetry), and the cell volumes as a function of
3+d. In Fig. 4, the evolution of cell parameters as a function of
oxygen content (3+d) for LaMn0.90Cr0.10O3+d and LaMn0.85

Cr0.15O3+d samples are compared. As it was observed for the
former [22], a change in the relationships between cell para-
meters is also evidenced for the orthorhombic structure of
LaMn0.85Cr0.15O3+d as a function of the oxygen content. For
0pdo0.05, the O0 phase (b/O2ocoa) is found; for
0.05pdp0.06, a becomes smaller than c (O00 phase: b/O2oaoc);
for 0.06odo0.09, a is the smallest parameter giving rise to the O000

phase (aob/O2oc). For the highest values of oxygen content, the
rhombohedral symmetry coexists with the orthorhombic one
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Fig. 4. Evolution of cell parameters for (a) LaMn0.90Cr0.10O3+d and (b) LaMn0.85

Cr0.15O3+d compounds as a function of oxygen content (3+d). The different

orthorhombic regions and the biphasic field (orthorhombic and rhombohedral)

are indicated showing the dependence with both, Cr and oxygen content.
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forming a biphasic field. By comparison with the LaMn0.90

Cr0.10O3+d compound, one observes that the phase boundaries O0

jO00, O00jO000 and O000 j(R+O000) are shifted to lower d values for the
phase with 15% of Cr. Unlike LaMnO3+d and LaMn0.90Cr0.10O3+d,
purely rhombohedral symmetry was not obtained for LaMn0.85

Cr0.15O3+d for any of the studied values of d. It is expected that
orthorhombic symmetry should be stabilized by the presence of
the Cr3+ ions since LaCrO3 has this symmetry at room tempera-
ture.

From Table 1, the decrease of the unit cell volume as the d value
increases is observed as a consequence of the decrease of the
average ionic radius (rMn

4+ orCr
3+orMn

3+ with rMn
4+
¼ 0.54 Å, rCr

3+
¼ 0.615

Å, and rMn
3+
¼ 0.65 Å [28]).

In Table 2, the distances B– O, (dm, dl, and, ds), the tilt (j) and
rotation (o) angles are shown with their corresponding errors.
Also, is included the steric factor (s) defined as s ¼

dðA� OÞ=ð
ffiffiffi

2
p

dðB� OÞÞwhere dðA� OÞ and dðB� OÞ are the average
A and B cation–anion distance, respectively. The main difference
between the steric and the tolerance factor is that the former can
be determined experimentally and for this reason it gives a more
realistic evolution of the structural deformation with respect to
the ideal perovskite.

The evolution of B–O distances for LaMn0.85Cr0.15O3+d and
LaMn0.9Cr0.1O3+d is plotted in Fig. 5a. As expected, the structural
distortion decreased with increasing the oxygen content. For
d�0.05, the cooperative JTD is lost (within the resolution of the
XRD technique). Comparing with the sample with x ¼ 0.10, there
are no significant differences between the B–O distances. In
addition, the octahedra become regular for a similar d value. For
the pure LaMnO3+d compound, the cooperative JTD is removed at
d�0.06, which is closed to the d value for Cr-doped samples. The
concentration of non-Jahn–Teller ions (in the B site) is 12%, 23%,
and 27% for x ¼ 0, 0.10, and 0.15 samples, respectively. It should be
expected that as the concentration of non-Jahn–Teller increases,
the suppression of the cooperative JTD as a function of oxygen
content should occurs at lower values. However, our results
suggest that the Jahn–Teller effect is not the only responsible of
the octahedral distortion but the size of the Mn4+ also. As it is
known, the stability of the perovskite structure is strongly
dependent on the cation radius. For the B-site cation, the smallest
radius accepted by this structure is 0.53 Å even when the
tolerance factor is favorable [29]; this value is close to the Mn4+

radius. This could be the reason why structural distortions seem to
be more sensitive to the Mn4+ concentration than the Cr3+

concentration.
In Fig. 5b, the changes in the tilt, j, and rotation angle, o, as a

function of 3+d are presented for both compositions. The
evolution of these angles is related to changes in the magnetic
properties. Both angles decrease as the oxygen content increases
as a consequence of the gradual lost of the orthorhombic
distortion. Comparing the j evolution with that of the LaMn0.90

Cr0.10O3+d, clear differences are detected, in particular for low
oxygen content. The difference between j and o is less in samples
with x ¼ 0.15 showing a more relaxed structure; also, the tilt angle
decreases with the Cr content. Both results indicate the influence
of the Cr concentration and thus it is expected that the magnetic
behavior will differ from one compound to the other as the Cr
concentration changes. As it will be shown, the FM interactions
predominate over the AFM ones for LaMn0.85Cr0.15O3+d and this is
evidenced by a smaller j angle.

The obtained results for the evolution of both, the distances
and the bond angles as a function of the Cr content, suggest that
the presence of these ions mainly contribute to the tilt of the
octahedra rather to its distortion, where the size of B-site ions
plays also an important role.
3.3. Magnetotransport properties

The effect of variation of oxygen content on the magnetization
(M) as a function of temperature (T), at H ¼ 0.01 T, is shown in
Fig. 6. This figure illustrates the complex nature of the LaMn0.85

Cr0.15O3+d system. The stoichiometric sample shows a practically
null MZFC revealing a frustrated system as a consequence of Cr
inclusion on the A-type AFM structure. This frustration is,
however, easily broken applying a small magnetic field as it is
indicated by the fast growth of MFC. As oxygen content is slightly
increased, MZFC increases and displays a clear cusp of maximum
magnetization at 3+d ¼ 3.02. The intensity of MZFC at low T for
3+d ¼ 3.02 is lower than that of 3+d ¼ 3.01 and constant,
indicating spin freezing in the former sample ToTcusp. This
behavior would show that a glass phase is present together with
substantial disorder, and is further supported by M vs. H curves
plotted in Fig. 7 where the virgin curve remains outside the
hysteresis loop. It has been reported that this kind of behavior is
closely related to glass phases [30,31] and is an indicator of strong
interactions inside the system which need to be overcome for the
alignment of spins with H. Frustration and disorder are induced by
the random distribution of Cr ions and, at the same time,
interactions of different signs coexist. Ferromagnetism is induced
inside the AFM matrix of the parent compound, LaMnO3 by two
mechanisms: the FM polarization of the Mn3+ nearest neighbors
of Cr3+, and the Mn3+–O–Mn4+ DE interaction (which increases
with oxygen content). So, the conditions giving rise to a glass
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Fig. 5. Evolution of (a) B–O distances for the LaMn0.90Cr0.10O3+d and LaMn0.85Cr0.15O3+d compounds and (b) tilt (j) and rotation (o) angles for the same compositions, as a

function of oxygen content.
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phase are fulfilled. A close inspection of the hysteresis loops also
reveals that, for the sample without Mn4+ (d ¼ 0), the FM
interaction is induced only by the presence of Cr3+. This is pointed
out through the fast magnetization and demagnetization of the
system when the frustration is overcome. The shape of the loop
does not correspond to a pure spin-glass phase, which could
suggest the presence of more than one magnetic phase inside the
sample.

As the oxygen content continues to increase, the FM interac-
tion does as well, and for this reason the samples evolve to a
ferromagnetic system for d40.04. M vs. H curves show that, for
this range of oxygen content, the virgin curve loop remains inside
the loop and the saturation occurs at lower field as d increases.

The evolution of the magnetic transition temperature (TN,C)
and the magnetic moment (m) as a function of the oxygen content
(3+d) are shown in Fig. 8. The TN,C values were determined by
differentiation of the magnetization curves showed in Fig. 6 and
the m values from the M vs. H curves at T ¼ 5 K by extrapolation to
H ¼ 0. As it has been reported for the LaMnO3+d compounds [3],
the critical temperature shows a minimum at 3+d values where
the ferromagnetic phase dominates over the antiferromagnetic
one. Above this oxygen content, the critical temperature increases
with the d value up to d�0.11 where the AFM interaction
Mn4+–O–Mn4+ begins to play an important role. From Fig. 8, it is
possible to see that the minimum disappears for the LaMn0.85

Cr0.15O3+d samples suggesting the weakening of the long-range
AFM phase over the FM one. By the comparison with the
LaMn0.90Cr0.10O3+d system, one could suggest that the increase of
the Cr content shows the FM character of the Mn3+–O–Cr3+

interaction. At high oxygen content, there are no significant
differences and both samples show similar saturated values for
the critical temperatures without the maximum observed for the
pure compound LaMnO3+d. For both compositions, the maximum
values of TN,C are reached at the less distorted structure (i.e. at the
O000 phase) where no clear differences inside the BO6 octahedra are
detected.

The evolution of the magnetic moment, m, for LaMn0.85

Cr0.15O3+d (Fig. 8b) presents an increase up to d�0.04. At this
value, the boundary between the O0 and O00 regions occurs. The
same happens for the LaMn0.90Cr0.10O3+d samples with saturation
at d�0.05. For higher 3+d values and x ¼ 0.15, m also did not show
significant changes. This behavior reflects the complex spin
dynamic of this system where a mixture of different interactions
are present (Mn3+,4+–O–Mn3+,4+, Mn3+,4+–O–Cr3+, Cr3+–O–Cr3+,
Mn3+–O–Mn4+). Comparing the m values, of LaMn0.85Cr0.15O3+d

with those of LaMn0.90Cr0.10O3+d, at 3+d43.04, a clear decrease of
the magnetic moment can be seen as a consequence of the
increase in the Cr3+–O–Mn4+ AFM interaction. If samples are
prepared in this region (3+d43.04) without accurate control of
the oxygen content or a similar concentration of Mn4+ is present
as a consequence of an A-site doping, it would be possible to
confuse the nature of the magnetic interactions. Thus, it could
induce to associate that of Mn3+–O–Cr3+ as AFM instead of FM
because the presence of Mn4+–O–Cr3+ AFM interaction. It should
be noted that only 10% Mn4+ is necessary to observe this effect
which is easily achieved with A-site doping.

In Fig. 9, the variation of the critical transition temperature TN,C

as a function of the tilt angle, j, is plotted for 3.00p3+dp3.07 (the
region with only one symmetry present). TN,C varies significantly
over a very short range, indicating the strong dependence of the
magnetic interaction with structural distortions, in particular,
with the tilt angle. Comparing this variation with that presented
by LaMn0.90Cr0.10O3+d [22], it can be observed that the minimum
around 12.51 is absent for LaMn0.85Cr0.15O3+d. The tilt angles for
LaMn0.85Cr0.15O3+d are lower than 121. As was shown in Fig. 8, the
LaMn0.85Cr0.15O3+d system does not present the typical minimum
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Fig. 7. M vs. H curves at T ¼ 5 K for selected samples. In each inset, a detail of the coercitive field and the virgin curve is shown.

Fig. 8. Evolution of (a) critical temperature (TN,C) and (b) magnetic moment (m) (at

H ¼ 5 T and T ¼ 5 K) vs. 3+d for LaMn0.85Cr0.15O3+d and LaMn0.90Cr0.10O3+d.
Fig. 6. M vs. T curves at H ¼ 0.01 T for LaMn0.85Cr0.15O3+d.
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associated with the competition between AFM and FM interac-
tions. Also, in Fig. 6, it is shown that for 3+d�3.05 the FM
character begins to be dominant in these samples. In earlier
results, Huang et al. [32] reported for LaMnO3+d a FM phase for
j�9–101 and AFM one j�12–131 which is in agreement with the
results reported here. So, the magnetic behavior phase can be
Fig. 9. Variation of the critical temperature (TN,C) as a function of the tilt angle j.

Fig. 10. Electrical resistance (R) vs. T curves for 3+d ¼ 3.00, 3.04, and 3.09 under H ¼ 0

curves are also plotted.
predicted by the variation of critical temperature with the tilt
angle as follows: for j4121 AFM is dominant, for 121pjp111 the
FM interaction begins to dominate over the AFM one and for lower
j values, the samples are majority FM. This result clearly
demonstrates the close relationship between the structural
distortion and the magnetic behavior especially that established
between the tilt angle changes and the magnetic evolution.

Curves of electrical resistance (R) with and without applied
magnetic field as a function of T/TC are shown in Fig. 10 for
selected samples. Theses curves show the strong insulator
character of these samples in all the studied range of oxygen
content even when an external magnetic field is applied. This is in
agreement with the results reported by Sun et al. [19] where they
predict an insulator and semiconductor behavior in the ferro-
magnetic state for Cr-doped samples. As the 3+d value increases,
the resistance decreases as a consequence of the increase in the
itinerant electron mobility along the paths established between
Mn3+ and Mn4+ ions. As the oxygen content increases, the JTD and
the splitting of the eg levels decrease. One important effect in this
kind of materials is the disorder induced by both, the structural
random cation substitution and the high defect concentration
introduced by the sample oxidation (cation vacancies). The
presence of such defects generates localized states and changes
the position of the mobility edge relative to the Fermi level. The
insulator behavior exhibited by these samples suggests that the
Fermi level is inside the region of localized states and therefore
with an energy higher than that of the mobility edge. None of the
(close symbols) and 7 T (open symbols). The corresponding magnetoresistance MR
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samples displayed the cross-over between the mobility edge and
the Fermi level. This result demonstrates how an insulator
material can exist even when the DE mechanism is present at
least by the Mn3+–O–Mn4+ interaction and the important role
played by the disorder.

In all the samples, the effect of magnetoresistance is present
even in the paramagnetic regime as is illustrated in (Fig. 10a) for
the stoichiometric LaMn0.85Cr0.15O3.00. By inspection of reported
measurements in A-site-doped manganites, in general the MR
effect is extended above the typical peak at T�TC [33,34]. For
3+dp3.02, the resistivity was higher than the range accepted by
the experimental equipment making measurement possible only
in the paramagnetic regime. High-temperature susceptibility of
LaMn0.85Cr0.15O3.00 showed a linear dependence with 1/T and the
obtained effective magnetic moment was very close to the
theoretical one [21]. This last result rules out the presence of
clusters giving rise to the observed MR. In previously reported
results on LaMn1�xBxO3+d (B ¼ Zn, Li, Co, Ga, Sn), the absence of
MR in the paramagnetic region [7–9] was found. Furthermore, in
case of non-magnetic ions such as Ga and Sn (where magnetic
interactions are clearly not established), MR effect was not found
in the whole range of studied temperatures [7,9]. The parent
stoichiometric compound LaMnO3.00 does not present MR either
in the whole range of temperatures [35] including the para-
magnetic region. Because of all the above, in the Cr-doped samples
it is necessary that the electron can jump from one ion to another
(i.e. that an effective interaction has to be established between
Mn3+ and Cr3+). The super exchange interaction does not involve a
real charge transfer, so the Mn3+–O–Cr3+ interaction needs to be
DE, which is in agreement with the model proposed by Morales
et al. [21]. Similar behavior was found for the samples with
3+d ¼ 3.01, and 3.02. For 3.03p3+do3.09 values, a peak close to
TC is found as happens for manganites in general (Fig. 10b). In this
range, as d increases, the maximum value of MR decreases but the
peak broadens losing the character of peak for 3+dX3.09. For
3+d ¼ 3.09 (Fig. 10c) as the temperature decreases a change in the
slope of the curves is found for T/TC�1. As the temperature
continues decreasing, the MR increases. This effect shows that the
MR is enhanced by increasing the Mn4+ concentration and,
because the Cr3+ content is fixed, the absence of the peak close
to TC is also related to the increase of Mn4+. This last effect
could be a consequence of the increasing magnetic disorder
induced by the competition of multiple interactions of different
sign (which could give competition of phases), and also, for the
structural disorder associated with cation vacancies. Even
when the critical temperature and the magnetic moment
are very similar in samples with 3+dX3.05, the electrical
transport behavior, and more specifically the MR response, clearly
indicates that the samples are different depending on the oxygen
content.
4. Conclusions

In the present paper, a detailed magneto-structural study of
the LaMn0.85Cr0.15O3+d system with 3.00p3+dp3.11 is reported as
a continuation of the systematic studies on the LaMn1�xCrxO3+d

series. This study allowed the analysis of the effect of Cr3+ ions on
the crystal structure and magnetic behavior of Cr-doped LaMnO3

manganite changing, progressively both the Mn4+ and Cr3+

concentrations.
The substitution of Mn3+ by Cr3+ lowers the structural

distortion as a consequence of the non-Jahn–Teller character of
the Cr3+ ion and the difference in the ionic radii (rMn

3+ 4rCr
3+). By

comparison with LaMn0.90Cr0.10O3+d it is possible to establish that,
as the oxygen content varies, the effect of Cr3+ not only depends
on the FM Cr3+–O–Mn3+ interaction but also on the Cr3+–O–Mn4+

one, and the Mn4+ ionic radius. On one hand, it is shown that
for high oxygen content the effect of the Cr3+ concentration on
the structural distortions seems to be disguised probably
as a consequence of the small Mn4+ ionic radius. On the
other hand, the magnetotransport properties change with Cr3+

content as a complex system due to the presence of multiple
interactions (Mn3+,4+–O–Mn3+,4+, Mn3+,4+–O–Cr3+, Cr3+–O–Cr3+,
Mn3+–O–Mn4+).

It has been proposed that the tilt angle, j, could be used to
predict the dominant magnetic phase in these kind of materials as
it distinguishes between FM of AFM samples depending on its
value. It has been clearly shown that the substitutions on the B

site of the perovskite structure induce strong changes on the
structural distortion but in the presence of large amounts of Mn4+

the effect of this ion dominates over the others. The evolution of
structural properties as a function of oxygen content also reveals
that magnetic properties are strongly dependent on small d
changes.

Once more, the importance of knowledge of the oxygen non-
stoichiometry in order to analyze the magnetic behavior in a
correct way has been shown. When both the oxygen content and
the Cr3+ concentration increase, the AFM Cr3+–O–Mn4+ and
Cr3+–O–Cr3+ interactions become relevant with a consequent
decrease of the magnetization. These effects could be responsible
for the misunderstanding on the role of Cr3+ in the magnetic
interactions.

The existence of a DE interaction between Mn3+ and Cr3+ may
explain the detection of MR in the sample free of Mn4+, in the
paramagnetic state. The same effect was observed for LaMn0.90

Cr0.10O3+d system.
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