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Ferromagnetism versus charge ordering in the Pr,;Ca;,sMnO; and Laj;Ca,sMnQO; nanocrystals
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The half-doped perovskite manganites Pr, sCay sMnO5 and Lag sCay sMnO; in bulk and nanocrystalline form
were structurally studied by x-ray and neutron-diffraction methods. The magnetic properties were probed by dc
and ac susceptibilities and by isothermal magnetization measurements. The study shows that the room-
temperature Pbnm perovskite structure, as concerns the lattice distortion, Mn-O distances, and octahedral tilts,
is practically unaffected by the particle size. Nonetheless, the low-temperature structural distortion, character-
istic for (long- or short-range) charge and orbital ordering in bulk samples, is not observed for 25 nm particles.
The absence of the charge-ordering transition is confirmed also by magnetic data. The different behavior
compared to bulk is explained by effects of the particle surface. In the nanocrystalline Pr, sCay sMnOj, an onset
of ferromagnetic (FM) arrangement is observed at ~100 K. At the lowest temperature, the magnetic state of
the sample can be characterized as a mixture of particles in the metallic FM state with those in the insulating
charge and orbitally disordered phase with frozen spins. There is a possibility to induce a global FM state by

external field. The Lay sCay sMnO5 nanocrystals develop FM ordering spontaneously below 7-=260 K.
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I. INTRODUCTION

The manganite perovskites with noninteger valence
Mn**/Mn** valence exhibit fascinating spectrum of physical
properties depending on whether the outermost e, electrons
(d32_,2 and d,2_» orbitals) are localized on individual
transition-metal sites or delocalized throughout the solid. The
localization is often associated with a preferential occupation
of the eigenstates [generally sin(a)-ds.2_,2*cos(@)-d2_ 2],
which leads, via strong lattice-orbital coupling, to the devel-
opment of a long-range ordered pattern. This phenomenon,
referred as orbital ordering, makes the bonding between the
cations in the oxides strongly directional. The kind of the
occupied orbitals and their mutual orientation govern mag-
netic interactions and electron transport. If the formal man-
ganese valence is of some rational value, the orbital ordering
may coexist with certain Mn3*/Mn** charge ordering (CO).
The prototypical case is the Mn**/Mn**=1:1 ordering estab-
lished in the “half-doped” manganites La, sCay sMnO; (Refs.
1 and 2) and PrysCaysMnO; (Refs. 3 and 4) below Tcq
=225 and 245 K, respectively. The onset of the ordering is
accompanied with an order of magnitude increase in the re-
sistivity and a change in magnetic interactions from the fer-
romagnetic (FM) to antiferromagnetic (AFM) ones, mani-
fested by a drop of magnetic susceptibility below 7. At
still lower temperatures, a long-range AFM arrangement of
the so-called charge-exchange (CE) type is formed. This
AFM ground state is exceptionally robust in PrjsCay sMnO;
as concerns the stability in high external magnetic field [up
to 150-200 kOe (Ref. 5)]. On the other hand, the
La, sCay sMnO5; compound is very sensitive to the field. This
should be related to the metastable (phase separated) state of
this compound—there are always some FM charge-
disordered regions dispersed in the AFM charge-ordered
matrix.® Their presence seems to be generic since the FM
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phase is formed simultaneously with the charge ordering.
The Laj 5Cay sMnO5 samples studied extensively by Radaelli
et al.>’ and Huang et al.® comprised to 10-20 % of residual
FM phase at the lowest temperature but much larger FM
amounts are frequently reported depending on sample granu-
larity or defects and cooling regimes.

An interesting phenomenon is the suppression of charge
order and development of FM phase with reducing of the
crystalline size in the half-doped manganite materials. This
was demonstrated first, by means of magnetometry, on
samples LajsCaysMnO5 with decreased grain size down to
180 nm and confirmed later on nanoparticles with size as
small as 15 nm.%!° Similar destabilization of the charge order
and onset of FM correlations was reported very recently also
for the PrjsCaysMnO; system in form of nanoparticles with
size reduced down to 20 nm.!' The present work is con-
cerned with a more complex structural and magnetic charac-
terization of the PrjysCay;sMnO; and LajsCaysMnO5; nano-
size particles and the bulk materials. By means of x-ray and
neutron-diffraction methods, it is demonstrated that the nano-
size form does not lead to a substantial change in the crystal
structure inside the grains so that the suppression of the
charge order and CE-type AFM arrangement in the nanopar-
ticles should be ascribed to the surface effects solely. With-
out charge and orbital orders, the dominant magnetic inter-
actions in the half-doped manganites arise due to the double
exchange Mn** < Mn** resonance and they are isotropic and
ferromagnetic. Consistently, the present La, sCay sMnO;5 par-
ticles of 25 nm size develop spontaneous FM ordering below
Tc=260 K. The magnetic state of the PrjsCaysMnO; par-
ticles of comparable size is more complex. It behaves as a
cluster glass or superparamagnet below ~100 K but global
FM state can be induced by external field of few tens kilo-
oersted.
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II. EXPERIMENTAL

The nanocrystals of controlled size were prepared using a
slightly modified sol-gel precursor route.'? As a first step, the
corresponding amounts of PrgO,; (or La,05), CaCOs3, and
MnCO; were separately dissolved in nitric acid and mixed
together with ethylene glycol in a ratio of (0.5[Pr or La]
+0.5[Ca]+[Mn])/9.38[ethylene glycol] at pH~0.8. Further
steps included evaporation at 80-90 °C, drying at 180 °C
and calcination at 250 °C. The final heating was effectuated
at selected temperatures in the range of 600—800 °C for 3 h
in air. The phase composition of the products and size of the
particles were checked by transmission electron microscopy
(TEM) observation and x-ray diffraction analysis (Bruker
D8, Cu Ka, SOL-X energy dispersive detector). The calci-
nate prepared at 250 °C consisted of purely amorphous mat-
ter that was gradually transformed, after heating at 600 °C,
to the perovskite phase. No other phases, e.g., hausmannite
that would not be possible to dissolve at relatively low tem-
peratures of the final heating, were detected after the thermal
treatment in this temperature range. Let us note that this
attainment, resulting from a suitably established conditions
of the precursor preparation, appeared prerequisite for a suc-
cessful synthesis of the pure perovskite phase
Pry5CaysMnO; of the orthorhombic Pbnm symmetry at
700 °C (nanocrystals of the 25 nm size) and 800 °C (40
nm). The LajsCaysMnO; nanocrystals were prepared fol-
lowing an analogous precursor route and final heating at
700 °C (25 nm size). The bulk samples of PrjsCagsMnO;
and La, sCay sMnO5; were prepared by sintering of the 25 nm
particles at 1200 °C, which resulted in ceramics with large
crystalline grains exceeding 1 um.

The crystal structure determination was done using the
Rietveld analysis (program FULLPROF) of x-ray diffraction
data. In selected cases the x-ray investigation was performed
at 90 K, as well. More detailed structural study was under-
taken on the 25 nm nanocrystals PrysCa;sMnO; and
Laj 5Cay sMnO; by means of neutron diffraction at apparatus
KSN-2 in Rez near Prague. The experiments were done at
the room and liquid-helium temperatures using the neutron
wavelength A=1.369 A.

The magnetic measurements over the temperature region
5-300 K were made employing superconducting quantum
interference device magnetometers MPMS-5S and MPMS
XL (Quantum Design). The zero-field-cooled (ZFC) and
field-cooled (FC) dc susceptibilities were measured under
applied magnetic fields of 20 and 100 Oe. The hysteresis
loops and virgin magnetization curves were recorded at dif-
ferent temperatures using the fields up to 70 kOe. The ther-
moremanent magnetization (TRM) was measured after cool-
ing the sample from 300 to 5 K in a field H=3 Oe. At T
=5 K, the field was switched off and TRM was recorded
during warming the sample with rate of 1 K/min. The ac
susceptibility measurements at frequencies 0.04-300 Hz
were performed using a driving ac magnetic field H=3 Oe
for PrysCaysMnO; and H=0.5 Oe for LajsCaysMnO5. The
value of H was chosen in order to remain in the linear region
of the dependence m(H). The high-temperature dc suscepti-
bility between 330 and 800 K was measured under applied
H=20 kOe using the magnetosusceptometer DSM 10 (Man-
ics).
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FIG. 1. (Color online) X-ray diffraction pattern of the

Pry 5Cay sMnO; nanoparticles (25 nm size) and bulk (grains exceed-
ing 1 wm).

To make a comparison with manganites exhibiting purely
FM ground state, some magnetic experiments on
PrysCag sMnOj5 and Laj sCay sMnO5; were complemented by
measurements on nanoparticles and bulk of the
Lag 7551y ,sMnO5; composition. The nanocrystalline material
was prepared and previously characterized as reported
elsewhere.!>!* The bulk Lay;5St;,sMnO5 sample was pro-
duced by sintering of the nanoparticles as mentioned above.

III. RESULTS
A. Crystal structure

The x-ray diffraction patterns taken on the nanoparticles
prepared at 700 °C and on the pulverized ceramics sintered
at 1200 °C are shown in Fig. 1. Based on the observed
broadening of diffraction lines, the sizes of the
Pry5CapsMnO5 and Laj sCag sMnO5 nanoparticles were de-
termined to 25 nm. This value is consistent with TEM pic-
tures that showed round crystalline grains with diameters
17-50 nm, often interconnected by narrow bridges to form
agglomerates.

The neutron-diffraction patterns for the nanoparticles are
shown in Figs. 2 and 3. There is no obvious difference be-
tween the data at 298 and 7 K for PrjsCaysMnO5, which
shows that there is no or only minor long-range magnetic
ordering at the low temperature. Namely, any eventual AFM
ordered moments are below 0.2ug per Mn ion and the FM
ones are below 0.4up per Mn ion at present resolution. On
the other hand, for La, sCay sMnO; some additional intensity
appears at 7 K at diffraction line 110+002 (26=20.6°) and
200+020+112 (26=29.2°), which is a signature for FM
long-range ordering in the sample. The FM moment is re-
fined to 1.7%0.2ug per Mn ion.

The results of a constrained Rietveld refinement based on
the neutron-diffraction and x-ray patterns are summarized in
Table 1. Here, the orthorhombic Pbnm perovskite structure is
characterized by the lattice parameters, the Mn-O bonding
distances and the average tilt angles Mn-O-Mn. It is seen that
the room-temperature data on bulk samples (results of the
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FIG. 2. (Color online) Neutron-diffraction patterns of the
Pry 5Cag sMnO3 nanoparticles (25 nm size) at 298 and 7 K. There is
no CE-type AFM or FM contribution at 7=7 K.

x-ray diffraction) agree reasonably well with the reference
data for PrysCaysMnO; (Ref. 4) and Laj sCay sMnO5 (Refs.
2 and 8) that have been determined by much more sensitive
high-resolution neutron diffraction. As concerns the struc-
tural parameters of the 25 nm particles, there are only subtle
differences observed at room temperature. One is a certain
increase in the unit-cell volume, which might be caused by
some small change in the oxygen stoichiometry compared to
the ceramics. The second one concerns the orthorhombic dis-
tortion of the samples. The differences between lattice pa-
rameters a, b, and ¢/ /2 are rather small but there is an
additional pseudotetragonal strain in both the Pry sCay sMnO;
and La, 5Ca, sMnO; nanoparticles, which are clearly outside
the experimental uncertainty. This strain is evidenced in
Table I by an increase in the a and b parameters, combined
with a decrease in the ¢ parameters. Otherwise, the Mn-O
distances and octahedral tilts in the Pbnm perovskite struc-
ture are practically unaffected by the nanosize form. The
speculations about the surface tension and large structural
distortions (for Lay sCay sMnO5 nanoparticles see, e.g., Ref.
15) are thus disproved. It should be noted that a very recent
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FIG. 3. (Color online) Neutron-diffraction patterns of the
La, sCay sMnO; nanoparticles (25 nm size) at 298 and 7 K. The
presence of long-range FM ordering at 7=7 K is evidenced by the
additional intensity to nuclear lines.
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study of the Laj sCay sMnO5 nanoparticles also showed only
insignificant changes in lattice parameters upon reducing of
grain size.'?

Despite the similar room-temperature structure, the low-
temperature structural data of nanoparticles differ signifi-
cantly from that of the bulk. It is notoriously known that the
onset of charge ordering in half-doped manganites is mani-
fested by a change in the pseudocubic metric of the perov-
skite lattice (a=b=c/ 2 at 300 K) to a tetragonally con-
tracted one (a=b=c//2). This arises owing to a
polarization of the localized e, orbitals on Mn sites into the
ab plane and formation of a complex superstructure, which is
described in more detail for PrysCaysMnOs by Jirak et al.*
and Daoud-Aladine et al.'® and for La,sCa,sMnO; by
Radaelli e al.” It is seen in Table I that also the present bulk
sample PrjsCaysMnO; develops upon cooling to low tem-
perature the expected pseudotetragonal contraction and the
practically regular MnOgy octahedra change to strongly dis-
torted ones, quantified by ratio (Mn-O)./{(Mn-0O),,)=0.98.
(Only average values of the Mn-O lengths in ab plane could
be determined in the present constrained refinement.) On the
other hand, the 25 nm particles exhibit only very small ad-
ditional deformation of the lattice upon cooling from 300 to
7 K and the refined Mn-O lengths are unchanged within stan-
dard deviations. The conclusion relevant to rejection of any
substantial short-range charge ordering in nanoparticles is
thus supported by structural results.

B. Magnetic state

The magnetic state of the bulk and noncrystalline samples
of PrjsCaysMnO5 and Laj 5Cay sMnO; was investigated fur-
ther by the dc magnetic-susceptibility and magnetization
measurements (see Fig. 4 and 5). The frequency-dependent
ac susceptibility measurements were performed in order to
illustrate the dynamic properties of the nonhomogeneous
magnetic ground state of the 25 nm nanocrystals. These data
are presented below in the next section (see Fig. 8).

The susceptibility data on bulk sample PrjsCaysMnOj5 in
Fig. 4 show a characteristic maximum at the charge-ordering
transitions at 7co=245 K and indistinct anomaly associated
with the transition to the CE-type AFM state at Ty=165 K
on cooling and 185 K on heating. The low-temperature value
of the susceptibility is very low, the increase below ~100 K
is due to the paramagnetic contribution of praseodymium
ions. As concerns the possibility of FM regions in the
sample, we refer to the virgin magnetization curve at T
=5 K in Fig. 5. It can be approximated by a linear depen-
dence combined with a negligible moment of ~0.005ug per
Mn. These findings evidence an almost pure charge-ordered
AFM ground state in the present bulk sample.

The charge-ordering and AFM anomalies are largely sup-
pressed in the 40 nm nanocrystals and vanish practically in
the 25 nm nanocrystals. New feature is a sudden increase in
the susceptibility at a cooling below the critical temperature
Tc~100 K and a large irreversibility in the course of the
ZFC and FC susceptibilities below this point (see Fig. 4).
The existence of a maximum in the ZFC susceptibility re-
sembles the cluster glass or superparamagnetic state charac-
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TABLE 1. The structural data summary for bulk and nanoparticles of PrysCaysMnO; and Laj sCay sMnO;. The parameters refer to the
perovskite unit cell of Pbnm symmetry.

a b c cl2 Vv Tilt
(A) (A) A &)  (A)  MnO. (MnO), (deg) R, X
Room temperature
PrysCaysMnO; (Ref. 4) 5.3949(1) 5.4042(2) 7.6064(2) 53785 221.77(1) 1.937(0) 1.945(1) 158.0(1)
Large grains >1000 nm 5.3964(1) 5.4046(1) 7.6124(1) 5.3828 222.02(1) 1.941(1) 1.944(5) 157.9(4) 9.96* 1.91°
Nano 25 nm 5.407(1)  5.408(1) 7.605(1) 5377 222.36(5) 1.942(2) 1.952(8) 156.6(6)  8.72% 5.24* 145 1.61°
La sCay sMnO; (Ref. 2) 5.4355(1) 5.4248(1) 7.6470(2) 5.4072 225.49(1) 1.941(0) 1.945(2) 160.94(7)
Reference 8 5.4305(2) 5.4220(2) 7.6425(3) 5.4040 225.03(2) 1.940(1) 1.943(5)

Large grains >1000 nm 5.4275(2) 5.4192(2) 7.6488(2) 5.4085 224.96(1) 1.940(1) 1.942(6) 161.2(4) 11.3¢ 2.25%
Nano 25 nm 5.445(2) 5.434(2) 7.637(1) 5400 225.95(9) 1.937(2) 1.94(1) 161.6(9)  8.30%, 4.78° 2.13% 1.10°
Low temperatures

PrysCaysMnO; T=5 K (Ref. 17) 5.4335(2) 5.4357(2) 7.4831(2) 5.2914 221.01(2) 1.913(0) 1.955(2) 157.3(2)

Grains >1000 nm 7=90 K 5.4328(8) 5.4343(9) 7.4971(4) 5.3013 221.34(5) 1.913(3) 1.95(1) 158.6(18) 7.73* 1.57%
Nano 25 nm 7=90 K 5.396(1)  5.417(1)  7.584(1) 5363  221.70(8) 1.935(3) 1.95(1) 156.5(12) 5.43* 1.32%
Nano 25 nm 7=7 K 5.407(1)  5.408(1) 7.575(2) 5356 221.32(9) 1.932(4) 1.947(9) 157.5(7) 5.05° 1.54°
La;sCaysMnO; T=5 K (Ref. 2)  5.4763(3) 5.4466(3) 7.5247(4) 5.3208 224.44(2) 1.915(0) 1.955(1)  160.22(6)

Reference 8 5.4709(1) 5.4410(3) 7.5187(3) 53165 223.81(2) 1.915(1) 1.954(2)

Nano 25 nm 7=7 K 5.437(1)  5.426(1) 7.616(2) 5385 224.7(1) 1.935(5) 1.94(2) 161.4(16) 5.12° 1.25°

“X-ray diffraction.
"Neutron diffraction.

terized by a freezing or blocking temperature 7. This effect
depends on the particle diameter and has, in real case of a
polydisperse powder, a finite distribution f(73). We at-
tempted to obtain information on the blocking temperature
distribution using the relation f(Tg)~ d(xzrc—xrc)/dT."®
For the 25 nm nanocrystals the course of f(T) can be seen
in the left panel of Fig. 6. Let us notice that the distribution
f(T) remains nonzero up to about 120 K. Below this tem-
perature, the true blocked FM state is formed in the largest
nanoparticles, which can be well seen in the temperature
dependence of the thermoremanent magnetization in the
right panel of Fig. 6, as well as in the above-mentioned in-
crease in the susceptibility (see left panel of Fig. 4). With
decreasing temperature the volume corresponding to the
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FIG. 4. (Color online) ZFC and FC susceptibilities (in log scale)
showing the gradual suppression of the charge-ordering transition
and formation of ferromagnetic regions with decreasing size of par-
ticles in Pry5Cay sMnO5 and Laj sCagy sMnOs.

blocked FM state increases since the number of the nanopar-
ticles with lower Ty increases following the distribution
f(Tg). Due to this effect, the increase in the susceptibility
below T is not as sharp as it is usually observed in the bulk
materials (see the comparison for the doped nanocrystalline
and bulk manganites in Fig. 9 below).

The nonuniform magnetic state in the 25 nm nanocrystals
Pry 5Cay sMnO; is manifested further by virgin magnetization
curves (see Fig. 5 for selected temperatures). Up to 105 K,
two contributions can be identified in lower external fields.
The first one is a magnetization proportional to H, which can
be ascribed to particles in a charge and orbitally disordered
(glassy) state with frozen spins and the second represents a
nearly unhysteretic Langevin-type contribution that origi-
nates from particles in FM state. At temperatures higher than
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FIG. 5. (Color online) The virgin magnetization curves of
PrysCag sMnO; and Lag sCaysMnO5 nanoparticles (7=5, 50, and
120 K) compared to those for bulk samples (7T=5 K).
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FIG. 6. (Left panel) The distribution of blocking temperatures
Tg in the 25 nm particles of PrysCaysMnOs, derived from d(xzpc
—Xrc)/dT (H=20 Oe). (Right panel) The thermoremanent magne-
tization in the 25 and 40 nm particles (H=3 Oe).

about 80 K this second contribution could be interpreted as a
manifestation of an interacting superparamagnet (see Ref.
19) or of a coexistence of the superparamagnetic and blocked
FM phases. Below 80 K practically all the superparamag-
netic particles develop a blocked FM state. The average FM
moment in the Pry5Caj sMnOj; nanocrystalline sample is es-
timated from the magnetization curve at 7=5 K to about
0.2ug per Mn only, which is below the sensitivity of our
neutron-diffraction experiments. The small moment value
suggests that FM state is actually formed only in a minor part
of the particles. Another important aspect is the influence of
the high magnetic fields (H>20 kOe). At T=5 K, we ob-
serve no change in the magnetic state up to the highest field.
When the temperature is increased (see, e.g., the magnetiza-
tion at 50 K), a relatively modest field of about 50 kOe is
able to revert the particles in glassy state with frozen spins to
the FM ones. This metamagnetic transition is in a contrast to
the very robust charge-ordered ground state in the bulk
Pr, sCay sMnO5 material.’

The paramagnetic behavior of the PrysCaysMnO5; bulk
and 25 nm particles is illustrated in Fig. 7. After subtraction
of a Curie-type paramagnetic  contribution  for
praseodymium,? the high-temperature slope of the inverse
susceptibility yields the same value w.=4.51ug for both
materials, close to the theoretical value 4.42up for the 1:1
mixture of Mn** and Mn**. The linear extrapolation gives an
intercept (Weiss constant) ®=290 and 200 K, respectively,
pointing to somewhat weaker FM interactions in nanocrys-
tals compared to bulk at elevated temperatures.

In the case of LajsCaysMnOs, the dc susceptibility for
bulk material in Fig. 4 shows the charge-ordering anomaly at
Tco~210 K and AFM transition at Ty~ 140 K (similar
susceptibility data with somewhat higher 7co=225 K and
Ty~ 160 K are reported for Lay sCaysMnO5 by Radaelli et
al.” and Huang et al.®). Nonetheless, the high level of the
susceptibility ~5 emu/mol at the lowest temperatures and
FM character of the magnetization curve at 7=5 K (see Fig.
5) evidence that simultaneously with the charge-ordered
phase spontaneous FM regions are formed. The extrapolation
to zero field gives an average moment of about 0.6up per
Mn. Considering that the theoretical moment is 3.5up for
full FM alignment, the value obtained corresponds to 17% of
FM phase in the sample.

PHYSICAL REVIEW B 81, 024403 (2010)

T T T T T T T T T
300 E
=4.51
g 250 - o bulk Pr, .Ca,_MnO, (u theory=4.42)
@ . b3+
3 e corrected for Pr
E 200
= o 25 nm particles ©
= 3+ o°
_.% 150 L corrected for Pr i
D
[
(2]
@
° 100 -
@
[
>
£ 50 u
0 \ ) L
0 100 200 300 400 500 600 700 800
Temperature (K)
FIG. 7. (Color online) The inverse susceptibility of

Pry5Cap sMnO5 up to 800 K. Red symbols—25 nm particles and
black symbols—bulk sample. Full symbols and the linear (Curie-
Weiss) approximation are data after the subtraction of the Curie-
type paramagnetic contribution for Pr3* ions.

The magnetic properties of 25 nm particles of
La, 5Cay sMnOj closely approach the observations on a simi-
lar nanocrystalline material studied recently by Rozenberg et
al.'® The dc susceptibility in Fig. 4 is characteristic for the
formation of a spontaneous FM state with T-=260 K. This
is clearly higher than the formation of FM regions in the
present bulk sample (T-<240 K, in agreement with T¢
~Tco=225 K reported by Radaelli et al.”) but close to the
T. found by Huang et al.® on their LaysCaysMnO; bulk
sample. The extrapolation of the magnetization data in Fig. 5
to zero field gives an average FM moment of about 1.4up
per Mn ion, corresponding to 60% reduction from the satu-
ration value (the theoretical moment is 3.5ug for full FM
alignment). The long-range ordered moment, derived from
the neutron-diffraction data at 7 K (Fig. 3) is 1.7ug per Mn
ion, which corresponds to about 50% reduction from the
saturation value. The remaining volume fraction of the nano-
crystalline material is responsible for a large paraprocess
seen in Fig. 5 and can be partly or totally attributed to mag-
netically dead surface layers of the nanocrystals as discussed
below.

IV. DISCUSSION

The studied magnetic systems composed of the nanopar-
ticles are inhomogeneous in two aspects. First, though the
each particle is of a single-crystal domain there is an impor-
tant role of the surface. The terminal ions with incomplete
coordination number and other surface defects distort by
elastic and electric forces the regular periodicity to a signifi-
cant depth and modify the interatomic exchange interactions.
The magnetic arrangement in the outer shell can be thus very
different from that in the particle core. For oxides with FM
ground state, a model of the magnetic core with nonmagnetic
shell is widely accepted. The second aspect is associated
with fluctuations of chemical composition, kinetics of the
phase transition or the grain-size dispersity, which makes
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FIG. 8. The real and imaginary parts of the ac susceptibility in
the Pr( sCagsMnO5 and Lag sCay sMnO5; nanoparticles.

possible to stabilize in different particles magnetic states of
different types or dynamics.

The experimental data show that both the PrjsCay sMnO5
and La, 5Cay sMnO; nanocrystals of the 25 nm sizes exhibit a
significant FM response in the external field and the charge
ordering is absent. The character of a spontaneous magnetic
state is, however, very different for these two compounds.
This concerns especially the values of average magnetic mo-
ments. It can be estimated from the magnetization curves at
T=5 K in Fig. 5 that the spontaneous magnetization in
Pry5CaysMnO; is about 0.2up per Mn, which means that
only a minority of the nanoparticles develop FM state in
their cores while majority are in a charge-disordered glassy
state with frozen spins. In contrary, the average moment in
LajysCaysMnO;, derived from the neutron-diffraction and
magnetization measurements, achieves 1.4 and 1.7ug per
Mn ion, respectively. The “near FM” character of the
LaysCapsMnO; sample is reflected also by the low-
temperature FC value of the dc susceptibility in Fig. 4,
~25 emu/mol, which is comparable to what is generally
observed for bulk FM manganites and is much larger than
the value ~1 emu/mol obtained for the PrjsCaysMnO;
nanocrystals. Despite of the very different values, the char-
acter of the irreversibility of the ZFC and FC curves is simi-
lar, suggesting a highly nonuniform magnetic state (broad
distribution of the blocking temperatures) in both samples.

The dynamics of the complex magnetic state is mani-
fested in the ac susceptibility in Fig. 8. Both the real and
imaginary parts are frequency dependent. Similarly to the dc
susceptibility, the absolute values are much larger for
LaysCapsMnO;. For PrysCaysMnO;, a pronounced two-
peak feature is observed in the temperature range below 110
K. Let us remark that similar observations concerning the ac
susceptibility were reported in the study of Rozenberg et
al.?! on the 30 nm particles of the Lay;Ca,;MnO; with FM
insulating ground state in bulk form and also in previous
works, e.g., in a detailed study on the cluster glass Feg ,5TiS,
by Koyano et al.*? It is worth mentioning that the lower
maximum in the ac susceptibility lies approximately in the
same temperature region as the low temperature shoulder on
the distribution function f(Ty) (Fig. 6). As concerns
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FIG. 9. (Color online) The ZFC (solid symbols) and FC (open
symbols) susceptibilities for nanoparticles and bulk samples of
Lay5CapsMnO5 and Lag 7551 ,5sMnO5. The right panel shows the
low-field details of hysteresis loops at 5 K.

La, 5Cay sMnOs, the absolute value of the ac susceptibility
peak is about 40 times larger compared to the
Pry 5Cay sMnO; nanocrystals. A more detailed analysis of the
dynamical properties in the PrysCayzsMnO; and
La, 5Cay sMnO5 nanocrystals will be presented in a separate
paper.

Finally, let us discuss the properties of the “nearly FM”
Lay sCaysMnO; sample, using the FM metallic manganites
Lag 75S1),5MnOj as reference samples. It will be shown that
the reduced moment of the nanoparticles and absence of
saturation even in very high fields can be understood within
the core-shell model. The relevant data are summarized in
Fig. 9. It is seen that the dc susceptibility of nanoparticles
Lay5CapsMnO3 (25 nm size) and Lag 755r),sMnO5 (33 nm
size) increases below T gradually, which is in contrast to the
steplike increase for the typical FM bulk material
Lag 75513 ,sMnO;3. The specific feature of the nanosize man-
ganites is also large low-temperature coercivity demonstrated
in the magnetization loops (see the right panel of Fig. 9).
This is characteristic for the absence of domain walls in the
nanocrystals—the FM core can be regarded as a single do-
main. Concerning the incomplete magnetization, we note
that the sample Laj;5S15,5MnO5; of 33 nm particle size
shows in the applied field of 70 kOe a nonsaturated moment
of 2.92up per Mn at 5 K, irrespective of the ZFC or FC
regime used in the experiment. In contrast, the full theoreti-
cal moment of 3.75ug per Mn is easily obtained in bulk
material. The moment reduction by 22% observed in the
nanoparticles yields an estimate that the nonmagnetic surface
layer is of thickness 1.5 nm. This value can be compared
with the thickness 2.5-3.5 nm reported for the
Lag 7551y ,sMnO5 samples with particle sizes between 50 and
20 nm on the basis of the room-temperature magnetization
data.’®> The surface layer in the less conducting
Laj sCay sMnO; system can be thicker, which may account
for the large moment reduction 50—60 % in the 25 nm par-
ticles.

The nonmagnetic shell seems to be general property of
magnetic nanoparticles. The extreme resistance of the shell
to strong external field is reported, e.g., for the ferrite nano-
particles with spinel structure (see, e.g., Refs. 23-25). Since
their ferrimagnetic ordering is driven by the superexchange
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interactions that do not involve real electron transfer, the
nature of the “magnetically dead” shell remains a controver-
sial issue. On the other hand, the existence of nonmagnetic
shell in the perovskite manganites is most likely intrinsic. We
note that there is indeed an experimental evidence of weak-
ening of the double exchange close to the surface—the rel-
evant NMR study of the Lag75Srj,sMnO5 nanoparticles re-
ports FM metallic phase in the core and FM insulating phase
closer to the particle surface.'* We expect that the e, electron
itinerancy which is at the root of the double exchange
mechanism of the FM state is completely hindered at the
outmost shell. To estimate the robustness of this nonmagnetic
shell, we refer to the theoretical #-J model, applied by Ven-
keteswara Pai’® for the doped manganites. It is based on the
effective Hamiltonian

— +
H=Jp2 S0 Si=Ji 2 SiChpTuuCiap
(i) iapup

- E tf;BCTaMCiﬁ#’
(ij).p

where 1~0.15 eV is the transfer integral that controls FM
interactions mediated by itinerant e, electrons, J is the pa-
rameter of AFM superexchange between the local 7, spins
(JApS?~8 meV) and J,;~0.75 eV gives an intrasite (Hund)
interaction between the 1,, and e, electrons. When the pa-
rameter ¢ is largely reduced close to the nanoparticle surface,
the superexchange interactions stabilize the AFM ordering in
the particle shell. Applying the formula for perpendicular
susceptibility y, of antiferromagnet with J,pS>~8 meV,
we obtain an estimate that the relatively large external field
of 70 kOe induces a magnetization of about 0.25up per Mn
only, which is indeed close to the paraprocess actually ob-
served for 25 nm particles Laj sCay sMnO5 with large frac-
tion of the surface phase (see the data at 5 K in the right
panel of Fig. 5).

V. CONCLUSIONS

The present study has been undertaken with the aim to
elucidate the suppression of charge ordering in the nanopar-
ticles of half-doped manganites PrysCajsMnO; and
Laj sCay sMnO; and to characterize their magnetic state. The
investigation shows that the room-temperature crystal struc-
ture as concerns the lattice distortion, Mn-O bonding lengths,
and tilting of the MnOy octahedra does not change substan-
tially with reducing grain size. This finding is coherent with
reports on the comparable lattice parameters in nanoparticles
and bulk of the some related manganite systems'®2!?” and
makes the speculations about the role of surface tension on
the structure and physical properties of nanoparticles doubt-
ful.
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At low temperatures, no structural distortion, characteris-
tic for (long- or short-range) charge ordering is observed on
the 25 nm particles, which is in striking distinction with be-
havior of bulk samples. Consistently, there are also missing
anomalies in the temperature dependence of magnetic sus-
ceptibility, which generally accompany the charge-ordering
transition at 7o and onset of the CE-type AFM arrangement
at Ty. In the case of Laj ;Cay sMnOs, the neutron-diffraction
and magnetic experiments confirm a formation of stable FM
state in the nanoparticles, which points to a dominance of the
double exchange interactions in this system. On the other
hand, the spontaneous formation of FM state detected in
Pry 5Cay sMnOj5 involves only a minor part of the nanopar-
ticles while most of the system can be characterized as a
charge and orbital glass with random magnetic correlations
between frozen spins. Nevertheless, a global FM state can be
induced by applying of external field of few tens kilo-
oersted.

Since the occurrence of FM state in the nanosize
Pry5Cay sMnOj is limited and arises at rather low tempera-
ture 100 K, i.e., well below Tco=245 K for the bulk, it
arises naturally a question why charge order is not estab-
lished in the particles. In our opinion, the absence of the
charge-ordering transition should be ascribed to surface ef-
fects solely. As pointed out in Ref. 4, the charge ordering in
bulk material originates from a soft mode and develops
through noncommensurate configurations before reaching
the ideal superstructure corresponding to the Mn**/Mn** ra-
tio of 1:1 (see also Ref. 17). We suggest that this process is
hindered in nanocrystals due to pinning of discommensura-
tions to the surface of grains. The stable long-range ordering
is thus inaccessible.

The situation for the 25 nm particles of La, sCay sMnOs is
different. The spontaneous FM ordering occurs below T
=260 K, which is notably higher than the charge-ordering
temperature 7co=225 K for the bulk material. The forma-
tion of the charge-order state is thus improbable. Neverthe-
less, the saturated FM state is not achieved because of the
magnetic core—nonmagnetic shell structure of the nanopar-
ticles. We consider that the surface shell consists of Mn ionic
spins that are strongly AFM coupled due to a dominance of
the superexchange interactions over the double exchange
ones close to the particle surface.
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