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Nuclear magnetic resonance and secondary ion mass-spectroscopy have been used to
study the surface charge and surface chemical compositions of Lay;Sry; ;MnO; nanoparti-
cles of 12 and 50—-100 nm size. It is found that the surface of particles is characterized by
an increased content of Sr and Mn ions than the bulk, while the difference depends on
particle size. The surface segregation process is considered to be a possible mechanism for
cation rearrangement. Thus, the observed magnetically dead layer on a particle surface
may be formed due to increase in the Sr and Mn ions concentrations up to values
corresponding to an antiferromagnetic state.

MeTomaMu sITEPHOTO MATCHUTHOI'O PE30HAHCA M BTOPUUYHOM MOHHOM MacC-CIIEKTPOCKOINN
IIPOBe/IeHbl MCCJIeIOBAHNUS 3apPAJLOBOIO COCTOSHUA M XNMUYECKOI'O0 COCTABa ITIOBEPXHOCTHU HA-
Houactur, Lagy ,Sry sMnO4 ¢ pasmepamu 12 u 50—-100 M. O6HADPYKEHO, UTO IJA HOBEPXHOCTH
YACTHI, XaPaKTePHO IIOBBIIICHHOE CcoAep:KanHme moHOB Sr m Mn mo cpaBHeHHIO ¢ 00BEMOM,
IpuYeM 9TO Pas3juuyre 3aBHCHUT OT pasMepa YacTull. B KadecTBe BO3MOMKHOIO MeEXaHH3Ma
mepepacupegeeHnss KATHOHOB PAaCCMAaTPUBAETCS IIPOIECC IIOBEPXHOCTHOHN cerperamuu.
Taxum obGpasom, HAOJMIOZAEMBINI HEMATHUTHBINA CJIOM HA IIOBEPXHOCTH YACTHUI[ MOXKET OBITh
cOopMUPOBAH B pea3yJbTaTe YBeJWUYEHUs KOHIEHTpaluu HOHOB Sr m Mn B moBepxHOCTHOM
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The doped lanthanum manganites
La,_,(Ca,Sr,Ba),MnO; (LDMO) are under a
keen scientific interest for more than
50 years because of a surprising correlation
between electrical conductivity and magnet-
ism observed therein [1]. A partial substitu-
tion of the trivalent rare-earth ion for a
bivalent alkaline-earth ion results in the ap-
pearance of Mn ions of various valences in
equivalent crystallographic positions, and in
the emergence of a ferromagnetic ordering
[2, 3] in these compounds. Ferromagnetic
exchange efficiency between the adjacent
spins depends on the Mn3*—O-Mn#* chain
state, since any disturbance of the crystal-
line structure causes a spin disorder and
hinders the double exchange [4].

A natural area of the structural and spin
disorder is the crystal surface of some ele-
mentary cells in thickness which acts as a
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buffer between the regular structure of the
internal volume and the environment. A
contribution of the surface into the mate-
rial physical properties has been clearly
demonstrated in the course of LDMO re-
search. When the surface layer fraction in
the total volume is small, single crystals
and films of these compounds exhibit the
colossal negative magnetoresistance effect.
Intergranular boundaries in ceramic materi-
als make the magneto-resistant charac-
teristics worse. In the case of nanoparticles
of less than 200 nm size, the transport
properties are mainly influenced by the in-
tergranular magnetoresistance (low field
magnetoresistance). In very thin nano-parti-
cles, the surface role becomes predominant.
Magnetic studies of the ultrafine powders
show a super-paramagnetic (SPM) behavior,
while no low field magnetoresistance is ob-
served above the SPM temperature. The
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Fig. 1. %Mn NMR spectra recorded for S2
(solid line) and S3 (°) LSMO samples at 77 K.
Inset: the same spectra in an expanded scale,
showing the details of NMR spectra at about
320 MHz.

purpose of this work is to study the rela-
tionship between the magnetic properties of
the Lag;Srg3MnO; (LSMO) nano-powders
and the structure peculiarities of the gran-
ule external layer.

The magnetism of nano-sized LSMO was
studied by the nuclear magnetic resonance
(NMR), because it probes locally spin and
charge states and the dynamics thereof.
Changes of the surface layer state in the
manganite nano-particles at the particle
sizes changing were studied by the secon-
dary ion mass-spectroscopy (SIMS).

The S1 (the particle size 12 nm) and S2
(bimodal distribution of particles of 50 and
100-120 nm size) samples were obtained
chemically by co-precipitation using the
SHF heating and ultrasound treatment [5].
When making powders, chemically pure
La,05, Mn(NO3)36H,0, and SrCl,2H,0 were
taken as initial reagents in accordance with
the final product stoichiometry. NH,OH and
Na,CO; were used as precipitators of the
metal salt solution. Lanthanum oxide was
preliminary dissolved in nitric acid. The
precipitation was carried out under stirring
for 1 hour at room temperature. The wa-
tered precipitate obtained was washed in
distilled water to remove the reaction by-
products. After filtration, the hydrogel was
treated by ultrasound and dried in the mi-
crowave kiln (2.45 GHz, 600 W) till a con-
stant sample mass. A monophase LSMO
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Fig. 2. 5Mn NMR spectra of S1 LSMO pow-
ders at 77 K.

nano-powder was synthesized at 600°C. The
phase composition was studied by the X-ray
analysis. Using transmission electron mi-
croscopy (TEM), the morphological struc-
ture peculiarities of the phases involved in
the synthesis were studied. For comparison,
a ceramic sample (S3) with predominant vol-
ume properties was used obtained by solid
phase synthesis followed by agglomeration.

The NMR studies of the 55Mn nuclei in
the nano-powder LSMO samples have shown
that nano-sized crystals were characterized
by the existence of two areas differing in
magnetic properties — the grain surface
and its internal volume [6, 7]. It followed
from the experiment that the about 2 nm
thick surface layer of the S1 and S2 sample
particles is neither magnetic nor conduc-
tive. Besides, in the sample S2, along with
the state of the Mn3*/4* ion typical of a
ferromagnetic lanthanum manganite, an ad-
ditional line was observed in the spectra
that corresponds to the localized state of
the Mn#* ions in the surface layer of nano-
granules (Fig. 1). This line was absent in
the S8 ceramics and nano-sized S1 sample
(Fig. 2). The preparation technology being
the same for all the samples, the difference
in magnetic properties could be caused only
by the different particle size, that is, it is
due mainly to the surface layer contribu-
tion. To determine the surface composition
of the LSMO particles of different sizes, the
method SIMS was used that is sensitive to
the surface composition (Fig. 8). The analy-
sis has shown (Table) that in all the samples
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Fig. 3. SIMS spectra of S1 sample.

under study, there is an increased content
of Sr ions in the 2 nm thick surface layer
(the stoichiometric composition wvalue is
0.43). It is of importance that a correlation
between the particle size and the surface
composition has been experimentally ob-
served: the smaller the particle size is, the
larger is the Sr and Mn ion amount in the
surface layer. The values of the Mn/(La +
Sr) ratio presented in the Table are not ab-
solute (due to a weak sensitivity of the
method to Mn, its quantity is underrated)
but they represent clearly a trend to the
surface composition change as a function of
the particle size.

Three possible phenomena are known
which can contribute to the composition in-
homogeneity in ceramics: phase separation,
absorption, and surface segregation (inter-
nal adsorption). Phase separation belongs to
the space effects and is described by a cor-
responding phase diagram. Absorption and

segregation appear as a result of maintain-
ing equilibrium at the solid surface/envi-
ronment boundary or at the grain surface
and are mainly defined by the nature of the
atom or ion bonds in the interface area. In
the case of absorption, equilibrium is at-
tained due to contact between the vapor
phase and the surface, while equilibrium at
the internal adsorption is attained by a dif-
fusion contact between a solid volume and
an interface area. The surface segregation
of alkaline-earth atoms in the ceramic sam-
ples of perovskites BaTiO; and SrTiO; was
found in experiment and described in [8].
The authors have suggested a theoretical
model where a stress state of the crystal
lattice at the boundary with the environ-
ment is considered as a motive force of the
cation rearrangement between the particle
bulk and surface. As the lattice has lost its
three-dimensional translation symmetry in
these ionic crystalline compounds, a nega-
tive space charge occurs side by side with
the interface which must be compensated by
a layer of positively charged ions at the
surface. The authors have shown an influ-
ence of the alloying atoms on the segrega-
tion characteristics — when alloying by
atoms of another valence and other ionic
radii, a prevailing rearrangement of
dopants into the surface area was observed.
In this case, the motion is done not only
due to the electrostatic forces but also to
the influence of elastic forces of the crystal
lattice which occur because of the differ-
ence of the ionic radii.

From the data of our experiments, the
arrangement of cations between the surface
layer and the internal volume of 50 and
12 nm size particles was estimated. The
particle was assumed to be spherical and
atoms in the surface layer to be arranged
homogeneously, i.e. without any radial con-
centration gradient. The cation ratio in this
case was determined by the average concen-
tration value in the layer.

As the unit volume, a cube volume of the
reduced perovskite cell ABO; (a~0.39 nm)
per one formal unit was taken. Basing on
the particle size and the surface layer thick-

Table. The composition of the surface layer La,,Sr; s3MnO; as determined by SIMS

Sample Particle size, nm Sr/La Mn/(La + Sr) La,_,Sr,MnO,
S1 12 0.96 0.77 Lag 51Srg 4gMnO4
S2 50, 200 0.90 0.61 Lag 5351y 47MNnO,
S3 ceramics 0.72 0.51 Lag 5951y 44MNnO4
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ness, the number of the formula units be-
longing to each area can be calculated.
Knowing the cation concentrations, it is
possible to determine and compare the num-
ber of cells occupied by the La and Sr ions
both at the surface and in the bulk.

Assuming that the ratio of the components
for each particle laid at synthesis should be
retained on average, the surface enrichment
in this or that element should proceed at the
expense of its content decrease in the bulk.
As the calculations show, to attain an experi-
mental concentration in the surface layer of
the samples with 50 nm particles, Sr ions
should be withdrawn out of the internal vol-
ume in the amount corresponding to 7 % of
the number of lanthanum sublattice crystal-
lographic positions belonging to that wvol-
ume. Such a defectness in the cation sublat-
tice is quite possible, so that at particle size
>50 nm, we have in the volume a charge
balance  La®7V 078 23Mn%*g ;Mn? 505
(V — Sr vacancy) corresponding to a metallic
state.

A different situation is observed for par-
ticles of 12 nm size. In this case, only one
fourth of the whole particle volume ac-
counts for the internal volume. The amount
of strontium in the internal volume is in-
sufficient to fill the external layer up to the
concentration observed in the experiment.
Perhaps these missing 16 % might be com-
pensated by exit of manganese ions onto the
surface. The experimental data (Table) con-
firm this assumption. The maximum manga-
nese quantity in the surface layer is seen to be
observed just for nanoparticle of 12 nm size.

The results obtained allow to explain the
reason for the non-magnetic layer appear-
ance at the surface of Lag;Srg3;MnO3; nano-
particles. The exit of strontium ions into
subsurface layer changes the ratio of the
solid solution components and takes it out
of the limits of the ferromagnetic state re-
gion. When estimating, we proceeded from
the average value of Sr concentration over
the surface layer thickness. In fact, as
shown in [8], there is a concentration gradi-
ent towards the particle surface. Knowing
the average strontium concentration at the
surface and its value in the internal volume
and assuming as the first approximation
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that the dependence inside the surface layer
is linear, the Sr/La ratio at the interface
can be determined. As the estimates show,
these values for particles of 50 and 12 nm
size are 0.7 and 0.8, respectively. In the
phase diagram La,;_,Sr,MnO3; such concen-
trations correspond to anti-ferromagnetic
state [9].

As is shown in [7], the nano-particle
magnetic domain structures of the S1 and
S2 samples differ essentially from one an-
other. The S1 samples are single magnetic
domain particles, while the S2 ones are
characterized by a multi-domain structure.
The presence of localized Mn#* states in the
S2 samples can be explained by the effects
of partitioning into domains and by the sur-
face separation of Sr ions. In this case, an
area containing only Mn#' ions may well
appear on a granule surface. So, the appear-
ance of the localized Mn#* states in the S2
samples can be explained by the nano-parti-
cle surface enrichment in strontium.

The results obtained in this work give
information on the magnetic and crystal
structures of the of the nano-powder sur-
face. The complex studies of the samples by
the 95Mn NMR and SIMS methods have
shown that the formation of a 2 nm thick
magnetically dead layer at the particle sur-
face is a result of its enrichment in Sr and
Mn ions up to concentrations corresponding
to the anti-ferromagnetic state.
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IloBepxHeBa cerperaimisa
Ta 3apamosuii cran Laj,Sry;MnO5
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MeTogamMu siiepHOro MAarHiTHOrO PEe30HAHCY i BTOPMHHOI 10HHOI Mac-CIIEKTPOCKOIIi mpo-
BEeIEeHO [IOCJHiIKEeHHS 3apsAg0BOro CTAaHy Ta XIMIiuHOro cKJjany IIOBePXHI HAHOYACTHHOK
Lag 7Sry sMnO4 3 posmipamu 12 i 50-100 uM. BusBieno, mo A1A HOBePXHi YACTHMHOK XapakK-
TepHUN OiABUINEeHUN ckjaazx ioHiB Sr i Mn, a IXHS KOHIIEHTpAaIlisi 3ajJeKUTh Big poaMipy
YACTUHOK. SIK MOMKJIUBHII MeXaHisM IlepeposIojily KaTioHIB posrisffaeTbCcs IIPoIlec ITOBepX-
HeBoli cerperanii. Takum unHOM, HeMAarHiTHUH miap, IO CIIOCTePiraeThcd Ha MOBEPXHi yac-
THUHOK, MOKe OyTu copMoBaHUIl B pedyabrari 36ijbinenHs KoHueurtpanii iomis Sr i Mn y
TIOBEPXHEBOMY IIIapi M0 BeJIMYWH, IO BiANIOBiZaroTh aHTU(EPOMArHiTHOMY CTaHY.
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