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Abstract

In this work magnetic and magnetotransport experimental data in well-characterized small particles of
La, ¢,Cao 33 MnO; are presented. Grain size reduction leads to a larger resistivity and a decrease in metal-insulator
transition temperature. Intrinsic colossal magnetoresistance (CMR) is destroyed while intergranular one is promoted to
larger values. This low field MR can be explained taking into account magnetization data through spin-polarized
tunneling model, which ensures an acceptable first-order fit between both magnitudes. Finally, low-temperature
resistivity upturn present in small particle size samples can be understood in terms of an electrostatic barrier between

grains. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Manganese mixed valence perovskites of the type
A;_B.MnO; (where A is a trivalent rare earth
and B is a divalent element) have been the subject of
intense research due to the huge values of mag-
netoresistance around the ferromagnetic transition
temperature (T¢), the so-called Colossal Mag-
netoresistance (CMR) (see for a review Ref. [1]).
Although no definitive theory has been presented at
the moment, an attempt has been made to explain
this intrinsic effect in terms of a mixture of double-
exchange ferromagnetism between Mn®* and
Mn** ions and a strong spin-lattice interaction
[2], which promotes the presence of magnetic
polarons in the paramagnetic phase [3]. These
polarons tend to collapse under the influence of a
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magnetic field and hence, electrical conductivity
increases.

In polycrystalline samples, great values of low
field magnetoresistance (LFMR) have been ob-
served at temperatures well below T [4,5]. This
extrinsic effect, that is absent in single crystals,
seems to be related with transport across grain
boundaries [5,6]. At the same time, other polycrys-
talline ferromagnetic materials show the same re-
sponse to low magnetic fields (e.g. CrO,, Fe; Oy,
Sr,FeMoQOg) [7-9], much higher than in other
known granular metals [10]. Several groups have
constructed artificial devices and multilayers based
on these compounds in order to improve MR, with
great results, but specially on the low-temperature
region [11-13].

In all these materials, half-metallic character
(that is, 100% spin polarization of the carriers) is
the clue of low field magnetoresistance values. In
the particular case of mixed valence manganites,
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Mn®** (3d*) and Mn** (3d®) are in an octahedral
site symmetry; their electronic configuration being
t3.€s for Mn>* and t3, for Mn**. The e, electrons
are considered as mobile carriers interacting with
the localized Mn*™" spins (S = 3). The carrier hop-
ping avoids the strong Hund’s rule energy when the
Mn spins are aligned ferromagnetically. Hund’s
rule energy is larger than the e, bandwidth and the
conduction electrons are completely spin polarized,
as it was probed experimentally by Park et al. [14].

In this scenario, two possible theoretical mecha-
nisms have been considered for the intergranular
magnetoresistance. Intergranular spin-polarized
tunneling assumes the presence of a magnetic bar-
rier between grains with misalign spins that is re-
duced with the magnetic field favoring conductivity
[5,15]. This model leads to an easy fitting equation
for magnetoresistance:

Ap
Po

(G a0y
where J is the intergrain exchange constant, P the
electron polarization (&1 in manganites, as cited
before), and m the magnetization normalized to the
saturation value. Other suggestion is that low field
MR is a consequence of spin-dependent scattering
of polarized electrons across grain boundaries,
which serve as pinning centers for the magnetic
domain walls [16]. Although great numbers of ex-
perimental data are confusing, recent reports seem
to confirm the spin polarized tunneling hypothesis
[17,18].

In this work magnetic and transport data in
well-characterized manganese perovskites nano-
particles are presented. By reducing grain size, the
low field magnetoresistance effect is improved and
can be related with magnetization data. At the
same time, new and unexpected extrinsic results
arise for smallest particles, that is, intrinsic CMR
around metal-insulator transition temperature
(Tyy) is destroyed, and a strong localization effect
appears at low temperatures.

2. Sample preparation and details

Ceramic samples of Lag ¢7Cag33MnO5; were
prepared from high-purity oxides (CaO, La,Os;,
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Fig. 1. Cell parameters for sol-gel samples annealed at different
temperatures. Very small deviations are detected, indicating
crystallization even for the lowest temperature studied.

MnO and MnO,, at least 99,995%) by conven-
tional solid-state reaction, with a final sintering
treatment of 100h at 1300°C in a static air atmo-
sphere. Nanometric particles were prepared by the
sol-gel technique. We have employed an aqueous
solution of La(NO3);-6H, O, Mn(NO;), -6H,O0,
Ca(NOs3), -4H,O in stoichiometric proportions
and urea as gelificant agent in a fixed concentration
([urea]/[La**] + [Ca?*] + [Mn?*"] = 10). The
geling agent and the molar relationship [urea]/
[salts] was optimized to obtain homogeneous sam-
ples at lower temperatures, as it was described in
detail by Vazquez-Vazquez et al. [19]. The solution
is slowly evaporated until 137°C. When cooling,
a gel is formed, and later, it is decomposed heating
it at 250°C for 3 h, yielding the precursor to prepare
the final samples. This precursor is annealed at
different temperatures up to 1100°C for 6 h.

X-ray powder patterns were collected at room
temperature and fitted using the Rietveld method.
In Fig. 1 we present lattice parameters obtained
with this procedure. Very small variations are ob-
served, because particles are completely crystallized
for temperatures higher than 600°C. Particle sizes
(D) were measured by means of scanning electron
microscopy (SEM). In Fig. 2 (right), we plot the
mean grain size change with different sintering tem-
peratures. As it is observed, a gradual increase in
size is obtained as temperature does. A deviation
from the mean diameter smaller than 15% was
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Fig. 2. Mn*" percentage (left) and mean grain size (right) for
sol-gel samples annealed at different temperatures. Lines are
guides to the eye.

observed for all the samples. Moreover, the analysis
revealed elongated rather than spherical particles.
Merging temperature and sintering conditions we
can modify grain size by more than three orders
of magnitude. Mn** percentage was checked by
yodometric analysis (see Fig. 2 left). High-temper-
ature treated samples are nearly stoichiometric, but
lower temperature ones present Mn** excess.
Magnetization was measured using a SQUID mag-
netometer from 4 to 300 K. Resistivity measurements
were made by the standard four-probe method at
a constant current in the same temperature range
and in field up to 50kOe. Magnetoresistance is
defined in usual way as % MR = 100 x (p(0) —

p(H))/p(H = 0)).

3. Results and discussion

In Fig. 3 is shown magnetization measured at
5kOe versus temperature for the sol-gel nanopar-
ticles with grain size between 60 and 500 nm. In
Fig. 4, we also plot the reduced electrical resistivity
versus temperature for the same set of samples.

The behavior of the samples with larger grain
size is very similar to the ceramic one (not plotted).
They present the same metal-insulator transition
temperature (Ty; ~ 265K), and it is also coinci-
dent with T'¢. Moreover, low-temperature data are
satisfactory, magnetization values are near to satu-
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Fig. 3. Dependence of magnetization measured at 5kOe with
temperature for the samples with grain size ranging from 60 to
500 nm.
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Fig. 4. Reduced resistivity versus temperature for nanocrystal-
line samples with grain size ranging from 60 to 500 nm.

ration magnetization, and the resistivity is quite
low.

Nevertheless, reducing grain size, Ty i8S trans-
lated to lower temperatures while ferromagnetic
transition temperature remains unchanged, and
low-temperature magnetization is far from satura-
tion (see Figs. 3 and 4). This effect has been the
center of controversy because of the great number
of different experimental results and the different
interpretations given [4,17,20-22]. Oxygen va-
cancies in low-temperature firing samples has been
proposed as one of the reasons for the decrease in
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Fig. 5. Magnetoresistance at a constant field of 5kOe (% MR)
versus reduced temperature (7/Ty;) for several particle size
samples. The destruction of CMR peak is clearly observed for
grain size smaller than 150 nm.

Ty [22,23], but we have probed that this effect is
not strong enough to account for the decrease ob-
tained. Our hypothesis includes a mixture between
oxygen vacancies and grain size dependence in
Ty behavior. The oxygen content (presented be-
fore in Fig. 2) should lead to a decrease in
metal-insulator transition, as well as in ferromag-
netic one, but not as large as presented here, if we
compare it with La; _,.Ca,MnO; phase diagram
[24], where the complete Mn*" range is studied.
Thus, grain size contribution seems necessary to
explain the results presented here.

Grain size reduction has another consequence in
CMR effect. Progressive destruction of intrinsic
colossal magnetoresistance is observed around
metal-insulator transition (see Fig. 5). For sol-gel
samples sintered at 900°C (D =~ 150nm), colossal
magnetoresistance completely disappears. Below
the transition temperature, an increasing intergrain
magnetoresistance response appears in every case,
but it is the largest for smaller grain size samples.
Intergrain MR remains measurable until 1.27T
for the smallest grain sample. CMR tuning could
be related with a transition from single domain to
multidomain regime observed as grain size is in-
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Fig. 6. Magnetoresistance versus magnetic field at several tem-
peratures (sample with grain size of 95 nm). We can distinguish
clearly between low field (H < 5kOe) and high field responses
(H > 5kOe).

creased, which promotes the presence of domain
walls in the bigger particles [25]. The data present-
ed here can be related to the theory developed by
Zhang et al. [26]. This author relates the CMR
peak in manganese perovskites to the presence of
thermally activated magnetic domains. Although
this kind of domains is different from static ones,
the absence of domain walls could be related with
the progressive destruction of the inherent mecha-
nism that causes CMR.

Magnetoresistance behavior versus reduced tem-
perature allows us to distinguish two separate
groups of samples: samples treated at temperatures
lower than 1000°C show the same steep slope in the
evolution of MR versus T, that leads to a large
value at low temperature. In contrast, high-temper-
ature treated samples present the intrinsic CMR
associated with metal-insulator transition and
a small intergrain MR, with a less pronounced
slope in the MR versus temperature curve.

Low-temperature MR shows a significant differ-
ence between low field and high field regimes
(Fig. 6). Low field response occurs at H < 5kOe
and it is characterized by a sudden decrease in
resistivity. Low field MR can achieve values as high
as 33% for the samples studied. Its values are
scalable with 1/D (see Fig. 7), so surface contribu-
tion is greater when the grain size is reduced, as
expected before. However, high field MR is almost
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Fig. 7. Dependence of low field magnetoresistance (LFMR),
that is, extrapolation of high field one to zero field, with inverse
of grain size (surface/volume ratio) at 4.2 K.
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Fig. 8. Experimental (circles) and tunneling model fit (line) data
of low field MR at 125K for a sample with a grain size of 95 nm.

linear with field, but the slope with field varies with
temperature.

Spin-polarized tunneling model briefly presented
before permit us to relate magnetoresistance and
magnetization data at low temperatures, where this
mechanism is predominant. Low field magneto-
resistance versus magnetic field curves can be fitted
to equation (1) taking J as a fitting factor (see Fig. 8)
[22], but this factor has to be changed for a suitable
relation in the whole range of temperature. The
main reason is that LFMR decreases in temper-
ature faster than the square of magnetization, as it
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Fig. 9. Low field magnetoresistance (left axis) and square of
magnetization (right axis) temperature dependence for a sol-gel
sample with a mean particle size of 150 nm.
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Fig. 10. Low-temperature resistivity fits p(T) = Aexp(/C/T).
Slope of the fits is proportional to electrostatic energy barrier
between grains.

is experimentally probed in Fig. 9. The reason for
this fact is not clear today, and it is a lack of the
model presented here but more theoretical work is
in progress [18,27].

In the low-temperature range (T < 35 K), resis-
tivity shows an upturn for smallest particle sam-
ples. This is another extrinsic effect that is not
present in single crystals, but it is common in ce-
ramic samples. Following theoretical results for
granular metals [28], we have fitted In p(T) versus
1 /ﬁ (Fig. 10). These fits assume the presence of an
electrostatic barrier superimposed to the structural
and magnetic one supposed in a single tunneling
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model. This Coulomb energy obtained from fits is
of the order of a few Kelvin, and increases as grain
size decreases, making the localization effect more
important. For ceramic and sol-gel samples sin-
tered at high temperatures, its value is almost
negligible. Its influence is responsible for the
semiconductor behavior at low temperatures, but
only in a restricted range of grain sizes.

In summary, we have presented new experi-
mental results in small grain size Lag ¢7Cag 33
MnO;. Surface contribution seems to be respon-
sible for a great variety of extrinsic effects. Great
values of intergranular magnetoresistance arise in
smaller grain size samples and, at the same time,
intrinsic CMR around phase transition is de-
stroyed. A model involving domain walls contribu-
tion and a spin-polarized tunneling below phase
transition temperature could be the clue for this
behavior. There are evidences that in small enough
particles the observed electrical resistivity increase
at very low temperatures could be ascribed to an
electrostatic barrier present between grains.
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