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Abstract. We have investigated LaCoo.5 Mng 50345 compounds with different oxygen content by means of
magnetization, high resolution and small-angle neutron diffraction measurements. Oxygen content decrease
down to stoichiometric composition leads to an essential increase of T¢ and magnetic moment while
Co/Mn ionic ordering degree is kept almost constant. It is assumed that upon oxygen reduction Co**
ions change their valence state down to 24 one that leads to dominating of Co®*"-Mn*" ferromagnetic
interactions as well as T¢ increase. Magnetic properties can be explained in terms of coexistence of long-
range ferromagnetic order and short-range clusters with antiferromagnetic interactions prevailing. Size
distribution of the mentioned short-range magnetic inhomogeneities is rather mild within the samples but

it is strongly temperature dependent.

PACS. 75.25.Ha — 74.62.Bf Effects of material synthesis, crystal structure, and chemical composition —
75.25.4z Spin arrangements in magnetically ordered materials

1 Introduction

Solid solutions with chemical formula LnMn;_,M,O3
(Ln-lanthanide, M-transition metal ions) are of consid-
erable interest because of their peculiar magnetic prop-
erties [1-8]. Such materials show promising properties
like ferromagnetic ordering near room temperature [5-9],
metamagnetic transformations [6-8], etc. Some of them
(so-called multiferroics) possess both ferroelectricity and
ferromagnetism, e.g. BiCog.5Mng 503 [10].

An origin of ferromagnetism in the mentioned solid so-
lutions is still controversial. Goodenough interpreted the
ferromagnetic interactions in the LaMng 5Cog 503 as a
consequence of dynamic Jahn-Teller effect of octahedrally
coordinated Mn3t ions that results in positive super-
exchange interactions Mn3+-O-Mn?* [1]. Another model
explaining magnetic properties of the mentioned com-
pound assumes Co?T-Mn** valence configuration which
has been proposed firstly by Blasse [11] based on magnetic
susceptibility results. In [5,6,12,13] the magnetic proper-
ties explanation for the LaMng 5Cog 503 compound has
been based on different degree of Co?*-Mn**t ionic or-
dering. Proposed model explains anomalies observed in
M (T) dependence at 150 and 220 K assuming phase sep-
aration: the high temperature maximum in M (T') curve
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is caused by a phase with well ordered Co?*-Mn** ions,
whereas disordered fraction of Co?T-Mn** ions results
in the low temperature maximum. It is known [14] that
preparation conditions determine magnetic properties of
the LaMng 5Coy.503 compound. Thus high temperature
solid state reaction synthesis favors stabilization of low
temperature anomaly (~150 K) which is caused by posi-
tive Co?*-Mn** ions interactions [15], whereas low tem-
perature preparation methods promote magnetic anomaly
near 225 K [15] which is governed by ferromagnetic
Mn3*t-Mn3* superexchange interactions. Synthesis tem-
perature in the 700-1300 K interval provide compounds
containing two mentioned anomalies. By means of XANES
technique authors [16] argued that mixed valence states of
Co?T /Co®*t and Mn?*t /Mn**t exist in all solid solutions
LaCo;_,Mn,O3 prepared by high temperature synthesis.

In order to elucidate an origin of magnetic interactions
in LaCo;_,Mn,O3 system a substitution of the Co ions
by some other ones has been used as an effective method.
Studying Al doped LaCo;_,Mn,O3 solid solutions au-
thors [17] revealed that Co ions play an essential role in
magnetic properties determination so not only Mn3* ions
are responsible for ferromagnetism in LasMnCoOg.

Recently authors in [18] claimed a spin glass com-
ponent in nanocrystalline ferromagnet LaMng 5Cog.503.
An existence of glassy behavior in a long-range-ordered
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magnetic material complicates the magnetic properties
understanding.

It’s well known that crystal and magnetic properties
of cobaltites and manganites are strongly dependent on
preparation conditions and following thermal treatment
in gaseous medium. We present here a high resolution
neutron diffraction and a small angle neutron scattering
(SANS) investigations as well as magnetization measure-
ments of the LaMng 5Cog 50345 compounds (6§ = —0.03,
0, 0.05). Combining these data with already available
ones [15,19] we have made an attempt to clarify a role of
Co/Mn ionic ordering degree as well as their valence and
spin state in magnetic properties of LaMng 5C00.503.+4
compounds.

2 Experimental

Polycrystalline sample LaMng 5Cog.5034+4 has been pre-
pared by a conventional solid state reaction technique.
The appropriate amounts of LasOz, Co304 and MnyOs3
have been ground and then calcined at 1200 K. The sam-
ple has been sintered at 1620 K during 6 h (a synthesis has
been repeated several times with intermediate grindings).
Phase purity control performed on DRON-3M diffrac-
tometer with Cu-K,, radiation revealed that sample pre-
pared at first steps has certain tails of the phases close to
extreme members — LaCoO3 and LaMnOs. Slowly cooled
final sample has been calculated as a single phase. The
oxygen content has been determined by calculating the
changes in the samples weight after reducing it down to
simple oxides. An oxygen content value of 3.05 (§ = 0.05)
has been estimated for the as-prepared sample that as-
sumes a presence of cation vacancies predominantly in
A-site position [20].

Two parts of the synthesized in air sample have been
reduced in evacuated quartz ampoules at 1200 K thus
authors got a stoichiometric sample (§ = 0) and that
with a little oxygen deficit (6 = —0.03). Tantalum metal
has been used as an oxygen getter. Oxygen content for
these samples has been determined by the same proce-
dure as in the case for the as-prepared compound. SANS
measurements have been done at a wavelength of 6 A,
at 0.005 < ¢ < 0.3 A~! range. The data refinement
has been performed using the HMI-standard “BerSANS”
software package. The high resolution neutron diffraction
study has been carried out using the FIREPOD diffrac-
tometer (A = 1.7971 A) at the Hahn-Meitner Institute
(BENSC, Berlin). The structures have been refined by
the full-pattern Rietveld method using the program “Full-
Prof” [21]. Magnetic measurements have been performed
using MPMS SQUID (Quantum Design) and VSM mag-

netometers.

3 Results

Ambient temperature X-ray diffraction studies have con-
firmed a single-phase structure for all three samples which
have been easily indexed in orthorhombic space group
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(S.G.) Pbnm (#62). The lattice parameters calculated are
in good agreement with the already published ones [22].

More detailed crystal structure refinement has been
performed using high resolution neutron diffraction mea-
surements. All the samples have been studied at 2 and
300 K. Rietveld analysis of neutron diffraction data have
been performed in models assuming single orthorhom-
bic and monoclinic phases. The best reliability factors
for NPD spectra have been refined in monoclinic sym-
metry using P2;/n S.G. (#14). A symmetry decrease to
this space group allowed ones to distinguish between B
sites occupied by Co and Mn ions. Lattice parameters,
coordinates, significant interatomic distances and angles
as obtained from the neutron data are shown in Table 1.

The initial structure parameters have been taken
from [23], starting transition metal ions occupations have
been set to 0.25:0.25 assuming a total disorder. The sum
of the occupancies values for TM ions sites has been lim-
ited by 0.5 for each B position (2d and 2c) throughout
the refinement, whereas the rest ions’ occupation values
have been limited in a range of 0.9-1.1 and unlocked at
the final stages of the refinement. The estimated oxygen
content for all the samples are in agreement with our ex-
perimental data.

The best reliability factors for 2 K neutron diffraction
patterns have been obtained in the same S.G. (P2;/n)
with additionally introduced magnetic phase. The most
noticeable peaks which increased at low temperature have
been indexed as (110) and (020) — assuming the given
S.G. one can ascribe them to ferromagnetic phase. The ob-
served and the calculated profiles as well as the difference
curve for the LaCog.5Mng 503 are given in Figure 1. The
maximum magnetic moment of 2.6 up has been estimated
for the oxygen stoichiometric compound. Such a value is
less than declared for highly ordered compounds [19] and
one can suppose an inhomogeneous magnetic structure of
the sample. A deviation from stoichiometry leads to es-
sential decrease of magnetic moment value especially in
the case of the as-prepared sample (see Tab. 1).

The important data about chemical composition of the
samples can be treated from the ions occupation values.
An average ratio of B cation occupations about 0.14 : 0.36
is estimated for the oxygen stoichiometric compound at
2 K, this is a maximal ordering value calculated for the
samples under study. Such value assumes a certain part
of ordered structure. One can easily estimate B cation or-
dering degree checking the inset of Figure 1, where several
ordering ratio are presented. Brief inspection confirms the
results of NPD analysis. For the as-prepared sample the
transition ions have almost the same ordering degree at
2 K (corresponding B site occupation ratio is 0.18 : 0.32)
assuming greater amount of antisite defects. One should
notice (Tab. 1) what almost the same ordering degree
has been estimated for the oxygen deficit sample. We
should note that ordering degree rather weakly depends on
oxygen content as one can conclude from Rietveld anal-
ysis (Tab. 1) or just comparing shape and intensity of
(101)](011) reflection which is responsible for B cation or-
dering (Fig. 1 inset). The B cations ordering degree shows
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Table 1. The results of crystal and magnetic structure refinement of the NPD data.

Composition LaCop.5 Mng.502.97 LaCop.5 Mng.503 LaCop.5 Mng.503.05
Temperature, K 2 300 2 300 4 300

a, A 5.51403(11)  5.52479(11) 5.51021(17) 5.52067(18) 5.50837(15)  5.52062(19)
b, A 5.48336(10)  5.48759(11) 5.47300(16) 5.47829(17) 5.47080(15) 5.47692(18)
c, A 7.77512(16)  7.78595(18)  7.7649(3) 7.7743(3) 7.74940(20)  7.7614(3)
8, ° 89.970(7) 89.983(9) 89.985(10) 89.984(10) 89.964(7) 89.977(9)
vV, A3 235.08(1) 236.05(1) 234.17(1) 235.12(1) 233.53(1) 234.68(1)
HCo/Mn> HB 2.24(6) - 2.54(7) - 2.22(10) -

La:

X 0.9957(7) 0.9967(7) 0.9969(8) 0.9981(8) 0.9983(7) 0.9975(8)

y 0.0228(4) 0.0205(4) 0.0227(4) 0.0205(5) 0.0234(4) 0.0221(6)

z 0.2521(17) 0.2497(18) 0.2564(11) 0.2551(11) 0.2534(13) 0.252(2)
o(1)

X 0.0655(7) 0.0655(7) 0.0669(8) 0.0664(8) 0.0668(7) 0.0656(9)

y 0.4899(6) 0.4918(8) 0.4935(6) 0.4949(8) 0.4934(8) 0.4957(11)

z 0.251(3) 0.250(3) 0.2450(20) 0.2435(17) 0.247(2) 0.255(3)
0(2)

X 0.7314(17) 0.734(2) 0.7322(14) 0.7360(15) 0.7348(16) 0.732(2)

y 0.275(3) 0.266(2) 0.2710(20) 0.2678(18) 0.2878(16) 0.281(2)

z 0.0386(18) 0.0399(13) 0.0349(15) 0.0306(11) 0.0314(12) 0.0294(14)
0(3):

X 0.7190(19) 0.721(2) 0.7134(15) 0.7155(17) 0.7155(16) 0.720(2)

y 0.276(3) 0.2812(19) 0.2800(20) 0.2822(19) 0.2671(16) 0.265(2)

z 0.4649(18) 0.4679(13) 0.4654(15) 0.4625(12) 0.4609(12) 0.4591(14)
M(1)-0(1), A 1.97(2) 1.98(2) 2.014(15) 2.028(13) 1.995(15) 1.94(2)
M(1)-0(2), A 1.998(14) 1.975(11) 1.979(10) 1.978(9) 2.052(9) 2.015(11)
M(1)-0(3), A 1.996(13) 1.970(11) 2.004(9) 1.994(10) 2.042(9) 2.036(11)
(M(1)-0), A 1.988 1.975 1.999 2.001 2.029 1.997
M(2)-0(1), A 1.990(2) 1.980(2) 1.938(15) 1.929(13) 1.950(15) 2.010(2)
M(2)-0(2), A 1.951(13) 1.976(11) 1.955(9) 1.949(9) 1.882(9) 1.918(11)
M(2)-0(3), A 1.955(15) 1.983(11) 1.950(10) 1.972(10) 1.907(9) 1.919(11)
(M(2)-0), A 1.965 1.980 1.948 1.950 1.913 1.949
M(1)-O(1)-M(2), ° 158.8(9) 158.8(9) 158.4(6) 158.6(5) 158.4(6) 158.8(9)
M(1)-0(2)-M(2), ° 159.9(5) 160.5(5) 161.9(4) 164.3(4) 161.3(4) 162.6(5)
M(1)-O(3)-M(2), ° 159.5(6) 160.0(4) 158.2(4) 157.3(4) 158.8(4) 158.9(5)
RBragg, % 4.92 6.12 3.73 4.81 5.38 5.86
X3, % 1.68 1.63 1.99 2.25 3.08 1.49
Rutagn, % 12.6 - 6.36 - 12.5 -

Magn. Moment 2.46(1) ] 2.57(1) 2.22(1)
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Fig. 1. The refined 298 K NPD pattern for LaCop.5Mng 503 compound. The observed intensities are shown by dots and the
calculated ones by solid line. The positions of the Bragg reflections are shown by the small vertical lines below the patterns. The
line at the bottom indicates the intensity difference between the experimental and the refined patterns. The left inset shows the
most responsible for B cation ordering peak for all the samples under study at 298 K, the right one indicate intensities of the

mentioned peak for several modeled ordering ratio.

hardly noticeable changes with temperature increase, and
remains almost the same in wide temperature range [23]
assuming steady cation order.

An essential information about ions occupied 2¢ and 2d
positions (S.G. P2;/n) has been derived from an analysis
of the (Co/Mn)-O bond lengths. The average (Co/Mn)-O
bond lengths of the oxygen stoichiometric sample at 300 K
are 2.001 and 1.950 A for 2d and 2c positions respec-
tively. There no any noticeable changes have been ob-
served for (Co/Mn)-O bond lengths with temperature
decrease. Based on the data available [23-25] one can sup-
pose that 2d position is occupied mainly by Co ions in
most probably 2+ valence state, whereas 2c one is kept
by Mn ions presumably in 4+ electronic state. For the as-
prepared compound an average (Co/Mn)-O bond length
corresponding 2d position is slightly decreased (1.997 A)
while another one remain almost the same (1.949 A). As-
suming electroneutrality principle and changes, observed
in the bond lengths, one can suppose that Co®* ions
can locate in both 2¢c and 2d positions. The correspond-
ing bond lengths for the oxygen deficit sample are al-
most equal that assumes more complex distribution of B
cations.

A type of antisite defects, viz., a valence state and an
allocation of the ions occupying “unexpected” positions
is essential question and to a greater extent causes mag-
netic properties of the samples. Possible scenario explain-
ing magnetic properties of the samples based on valence
ions state and their distribution is described in the discus-
sion section.

The temperature dependences of magnetization have
been measured in a magnetic field of 100 Oe in the field
cooled (FC) and zero field cooled (ZFC) modes. One
can easily estimate the onset of magnetic transition, it
is about 160 K for the as-prepared sample, what is essen-
tially less than for the rest samples (~215-220 K). All the
M (T) curves are typically ferromagnetic for all the sam-
ples (Fig. 2). Despite certain similarity of the FC curves
trends of the stoichiometric and the oxygen deficit sam-
ples, some little discrepancies still exist (e.g. slight de-
viation in transition temperatures and more gradual FC
curve decrease for the reduced sample), pointing toward
some distinctions in magnetic interactions within the sam-
ples. For all the samples a large deviation between FC
and ZFC curves immediately after a transition tempera-
ture has been observed. It assumes an essential magnetic
anisotropy of the materials. In [26] such magnetization be-
havior has been explained by existence of weak interacting
magnetic clusters within the sample. Based on these data
we can not draw a conclusion that such clusters do exist.
At least there are no distinct magnetic anomalies peculiar
for cluster glass observed on M(T) curves.

There is no saturation observed in the field dependence
curves even at rather high magnetic fields. The M (H)
magnetization revealed a noticeably lower magnetic mo-
ment for the as-prepared sample than that claimed in [27]
where spin only magnetic moments was claimed to be
4 pp for Co®T-Mn3T valence configuration and 3.88 up
for Co?T-Mn** one, but magnetic moment values we got
from isothermal magnetization curves are in accordance
with the data obtained from neutron data analysis (see
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below). Possibly certain magnetic inhomogeneity can be
assumed from the data obtained but its origin is still am-
biguous. More clear information about an intrinsic mag-
netic and crystal structure of the samples can be derived
from the SANS data given below.

The SANS patterns for the LaMng 5Cog.503.05 and
the LaMng 5Cog.502.97 samples have been measured in
5-250 K temperature range. The scattering curves have
been measured at different temperatures, the more infor-
mative of them are shown in Figure 3. It is clear that
patterns can be separated in two regions depending on
intensity-low ¢ (due to long-range scattering) and higher
g (short-range one). To estimate size distribution of scat-
tering regions we have used radius of gyration as a uni-
versal characteristic parameter. The I(g) curves have been

drawn like Ln(q) = f(¢?) and linear parts of the obtained
curves have been analyzed (see Fig. 3b).

At constant temperature a deviation of a f(g?) curve
from linear is insignificant thus pointing that distribu-
tion of particles size to be rather mild and this is valid
for both the samples in a temperature range considered.
At low temperatures maximum contribution to the neu-
tron scattering is from the particles about a hundreds
angstrom. Spherical shape particles should give a Q%
variation what is really seen for both the samples for
low @ region (Fig. 3a). For the oxygen deficit compound
a Q2 contribution has an essential contribution in the
0.2-0.6 nm~! @ interval what is characteristic for 2 D lay-
ered structure [28]. Neutron scattering for the as-prepared
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sample consists from components with different () expo-
nent assuming more complex clusters shape.

In order to separate magnetic scattering contribution
from nuclear one the samples have been located in ho-
mogeneous magnetic field perpendicular to primary neu-
tron beam direction. The magnetic flux density has been
turned up to 27" (4T for the reduced sample) when mag-
netic moments of the compounds are nearly aligned.

A magnetic field application cause neutron scattering
reduction (Fig. 3), a possible scenario of such behavior is
mentioned in discussion section. We have plot scattering
curves recorded with and without magnetic field, so, one
can estimate the particles with the most sensitive size to
the magnetic field given. A difference between scattering
curves recorded with and without magnetic field became
almost negligible near a magnetic transition temperature
what is in accordance with magnetization measurements
results, whereas at liquid helium temperature the men-
tioned curves deviate in a whole ¢ region measured. Such
sensibility to magnetic field application observed at low
q region points towards long-range magnetic ordering. We
should note that such a deviation persist up only to 100 K
for the as-prepared sample and just below 20 K for the
oxygen deficit one.

4 Discussion

It has been revealed that crystal structure for all the sam-
ples can be well described assuming P2;/n S.G. in a rather
wide temperature range (up to 300 K). A supposed ionic
order persists up to high temperatures (about 600 K [23])
then crystal structure is characterized by rhombohedral
distortions (R3S.G.). We should note that certain ionic
ordering is kept despite some changes of elements content
within the compounds.

But even in the stoichiometric sample, where the
B cation ordering degree is most pronounced, essential
amount of antisite defects are present (Tab. 1). Based on
the data available one can not draw a conclusion about lo-
calized character of the ordered fraction of the compounds.
Most probably it is strongly bound with a host ferromag-
netic matrix and caused by different local surroundings
of the Co/Mn ions assuming all sets of the coordinations.
Depending on Co/Mn ions ratio and valence state such
formations can show either paramagnetic or antiferromag-
netic behavior.

Based on the estimated bonds lengths and ordering de-
gree one can draw a supposition that in the stoichiometric
compound the antisite ions mainly have the same valence
state like “original” ones and in spite of disadvantages in
elastic energy, there are only small part of antisite ions in
3+ valence state. A charge state of the ions for the non-
stoichiometric compounds became more complex because
of changes of elements content within the compounds.

Taking into account changes in the (Co/Mn)-O bond
lengths and the obtained B site occupation ratio for the
as-prepared sample in comparison with the stoichiomet-
ric one, we can draw a conclusion that the Co®* ions are
allocated in 2c and 2d positions. In spite of cation va-
cancies, mixed valence and charge state of the transition
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metal ions, certain ionic order persists in a temperature
range measured. Most likely that the as-prepared com-
pound contains about 20% of CoT ions in the low spin
state which frustrate positive magnetic interactions be-
tween Co?t-Mn*T ions thus causing an essential decrease
of total magnetization. An oxygen content decrease lead
to reduction of 3+ valence state of Co ions down to 2+
one resulting to essential increase of positive Co?T-Mn*+
interactions and consequently magnetization value.

Further oxygen content decrease lead to oxygen va-
cancies occurring, which are in most cases situated within
the mentioned clusters and frustrate magnetic interactions
and one can see an only slightly decreased spontaneous
magnetization of the reduced sample in comparison with
the oxygen stoichiometric one.

Discussing the above-mentioned properties we have de-
viated slightly from the structure of the samples. Let’s
have a look at a micro level of the samples addressing to
the SANS data.

We have estimated that scattering regions for both of
the studied samples have nearly spherical shape for low )
region and form host matrix whereas for higher @ they
have rather complex shape for the as-prepared sample
and resemble 2 D formations for the oxygen deficit com-
pound. Clusters with such a small size (@ range more
than 0.2 nm™1!) are strongly temperature dependent. Most
probably that at low temperature coalescence of the clus-
ters begins. But for the as-prepared sample one can ob-
serve their percolation about 100 K whereas for the oxygen
deficit sample coalescence occurs below 20 K only. These
clusters start melting with temperature increase and have
less than hundred angstrom size near the magnetic tran-
sition temperature. At high temperatures the interactions
between such formations are almost neglible.

From the analysis of valence and spin state of anti-
site defects and taking into account magnetization mea-
surements one can suppose that mentioned clusters most
probably have AF nature.

That for the oxygen deficit sample clusters coalescence
occurs at such a low temperature can be explained by sce-
nario, according to which anion vacancies frustrate Co/Mn
interatomic interactions and decrease clusters size. As A-
cation vacancies in the as-prepared sample do not par-
ticipate actively in magnetic interactions and AF clusters
keep they structure formed by synthesis process.

Scattering intensity decreases with magnetic field ap-
plying can be explained by magnetic moments alignment
within the clusters at strong magnetic field. Thus an an-
gle between magnetic moments and scattering vectors de-
creases what leads to reduction of magnetic interactions
between incident neutron flux and magnetic ions.

Taken two characteristic cluster sizes (Fig. 4) we have
evaluated a dynamic of clusters size changing with temper-
ature. One can notice an absence of any abrupt increase in
neutron scattering caused by magnetic interactions, unlike
La;_;Sr;CoO3 compounds where such feature has been
observed above percolation boundary (x > 0.2) [29]. An
absence of the neutron scattering increase near the mag-
netic transition temperature assumes that the mentioned
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clusters are not separated from the rest matrix and keep
certain binding with it.

5 Conclusion

The investigations performed incline authors that mag-
netic structure of the samples assumes spin-glass compo-
nent within the samples. Parallel with long range magnetic
ordering which is undoubtedly exists as seen from magne-
tization and high resolution neutron study a small spin-
glass component plays a certain role in magnetic proper-
ties of the samples. The most probable scenario explaining
magnetic properties of the compounds assumes a coexis-
tence of long-range ferromagnetic matrix with Co?*-Mn*+
dominated interactions and clusters with short range an-
tiferromagnetic coupling. Most probably the key role in
magnetic properties determination plays a valence state
of transition metal ions rather than their ordering degree.
This provides an indication of intricate behavior of the
magnetic materials under study what asserts a further in-
terest of them to a scientific community.
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