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Abstract. Polycrystalline samples of the charge ordered mixed oxide
LaMn 5Co0503-5 (Tco = 400 K) have been prepared by the ni-
trate decomposition method. These samples are biphasic, according
to XRPD, and except one, oxygen defficient (6 ~ 0.04-0.05). The
study of the dielectric properties of these samples reveal that
LaMn, 5Co, 5055 displays a high dielectric constant, specially at
room temperature and low frequencies. This €', is seen to be stron-
gly dependent on the particle size and not so much on the oxygen
defficiency and the best properties are found in the sample with
biggest particle size (¢ = 7 pm) for which ¢’ (300 K) ~ 103 up to

2x10* Hz. Analysis of the role of the grain size and the electrode
contacts on the obtained data reveal that this mixed oxide has an
intrinsic dielectric constant that is rather high for this type of com-
pounds (g',.. ~ 30) and that is further enhanced by extrinsic Max-
well-Wagner effects. We relate such enhanced intrinsic dielectric
constant to the electronic process of charge ordering present in this
material below 400 K.
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1 Introduction

The discovery of room temperature frequency independent
“colossal” dielectric constant in the complex perovskite Ca-
CusTi4O;5 [1] has arisen renewed attention in the field of
new dielectrics, materials with important applications in
many electric and electronic devices, like capacitors [2].

Nowadays, the best industrial performances are given by
ferroelectrics [3], i.e., substances with permanent electric di-
poles even in the absence of an external electric field, such
as the well-known perovskite materials BaTiO;, PbTiOs,
etc. [3]. In these materials the ferroelectric state arises be-
cause the centre of the positive charges in the lattice is dis-
placed with respect to that of the negative charges. This is,
the ultimate origin of this property is structural.

Nevertheless, the possible existence of alternative ferro-
electrics with much higher (giant or even colossal) dielectric
constants in which that property is based on electronic
mechanisms is a very attractive and relevant topic and cur-
rently a controversial area [4].

Looking for systems that could be good candidates to
display such a property, we focused on mixed oxides that
experience charge ordering (CO), i.e., mixed-valent com-
pounds in which the metal ions in different oxidation states
order in specific lattice sites giving rise to charge localiz-
ation. Such materials, that are not new [5], have recently
received a lot of attention in connection with the colossal
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magnetoresistance exhibited by rare earth manganates,
some of them with CO [6].

In this context, we carried out the first measurements of
capacity and dielectric constant in the CO manganate
Pry.77Cag 33MnQO;3, and we found a huge increase of its ca-
pacitive response as we approached the temperature at
which charge ordering takes place (Tco = 225 K) [7].

In the search for materials that display a high dielectric
constant but at room temperature, we subsequently focused
on systems that experience transitions to charge-ordered
states at higher and more suitable temperatures, finding
very promising results in compounds such as
La; sSrg sNiOy (Tco = 480 K) [8] and CaMn;01; (Tco =
440 K) [9].

In this paper we report the dielectric behaviour of a related
compound LaCogy sMng 5055, a mixed oxide first prepared
in the 1950s to study its magnetic behaviour [10, 11].

From the structural point of view, this compound shows
an A(BysB’5)O3 perovskite structure in which two tran-
sition metal ions (Co and Mn) occupy the B sites.

According to neutron diffraction -technique that allows
to differentiate between the Mn and Co ions -up to 400 K
the stoichiometric material adopts a monoclinic structure
(S.G.: P2,/n), where the Mn*" and Co?* ions are ordered
over the 2b and 2c sites [12]. Above 600 K, the compound
shows a rhombohedral structure (S.G.: R3), where Co and
Mn show a site preference for the la and 1b sites, repec-
tively. For 600 < T < 400 K the monoclinic and rhombo-
hedral phases coexist [12].

Nevertheless, by means of room temperature powder X-
ray diffraction the crystal structure of this compound has
been identified as pseudo-cubic [13], orthorhombic [14], or
even biphasic with the coexistence of the rhombohedral and
orthorhombic phases [15].

This diversity of results is related, on one hand, to the fact
that synthetic conditions have a strong influence on the
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characteristic (among them, oxygen content) and properties
of the studied samples [16]. And on the other hand, to the
fact that as the X-ray scattering factors of Co and Mn are
similar, these cations can not be differentiated by X-ray dif-
fraction. Therefore, by this technique only a single mixed tran-
sition metal (TM) site and an average TM-oxygen distance
can be obtained, as opposed to the case of neutron diffraction.

From the magnetic point of view, the oxygen -stoichio-
metric compound is ferromagnetic, with a Tc = 226 K, and
a magnetization approaching 6 uB. On the other hand,
when the compound is non-stoichiometric and oxygen
defficiency increases, T¢ is seen to decrease and the com-
pound evolves towards a glassy state. And for example, for
an oxygen defficiency 6 = 0.025, the compound has a T¢
~ 134 K [16].

From the electrical point of view, this compound shows
an electric transition at 400 K that renders it more resistive
[17, 18]. This feature has been interpreted on the basis of a
charge ordering process between the Co>* and Mn** ions
that would take place at that temperature [17, 18].

2 Experimental Section

LaMng 5Coq 5s05_5 samples of different particle size were synthe-
sized by the nitrate decomposition method using La,Os,
Co(NO3),'6H,O and Mn(NOs),'H,O as starting materials. The
procedure was as follows: La,O5 was first converted into the corre-
sponding nitrate by dissolution in 30 % nitric acid. This product
was then added to an aqueous solution, in which stoichiometric
amounts of Mn(NOs),"H,O and Co(NO;),'6H,O were also dis-
solved. The resulting solution was heated at 200 °C until we ob-
tained a brown resin, whose organic matter was subsequently de-
composed at 400 °C. The precursor powders were first treated at
800 °C/21 h, and then pelletized and divided into six groups. Each
of these samples was then given different heating treatments for 40
hours at increasingly higher temperatures, namely: 950, 1000, 1100,
1200, 1250 and 1300 °C.

Room-temperature X-ray powder diffraction (XRPD) patterns of
all the samples were obtained with a Siemens D-5000 dif-
fractometer and Cu (Ko) = 1.5418 A radiation. Rietveld profile
analysis of the XRPD data was carried out using the Rietica
software [19].

The morphology and size of the particles were studied in a scanning
electron microscope (SEM), JEOL 6400.

Todometric titrations were carried out to analyze the oxygen content
of the materials. The samples were dissolved in acidified KI solu-
tions, and the I, generated was titrated against a thiosulphate solu-
tion. The whole process was carried out under an argon atmosphere.

The complex dielectric permittivity of the samples was measured
with a parallel-plate capacitor coupled to a precision LCR meter
Agilent 4284 A, capable to measure in frequencies ranging from
20 to 10° Hz. The capacitor was mounted in an aluminium box
refrigerated with liquid nitrogen, incorporating a mechanism to
control the temperature up to 350 K. The samples in form of pellets
with average diameter of 2 cm were prepared to fit in the capacitor,
and gold was sputtered on their surfaces to ensure good electrical
contact with the plates of the capacitor. And aware of the contro-
versy regarding extrinsic polarization effects as origin of very high
dielectric constants in other ceramic materials [20, 21], additional
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measurements were performed using both silver paint and sputt-
ered silver contacts.

Also, to test the optimal performance of the experimental set-up,
a commercial SrTiO; sample was measured and values similar to
those reported in the literature [22] were obtained.

Impedance complex plane plots were analyzed using the LEMV
program [23].

3 Results
3.1 Sample characterization

Rietveld analysis of the room temperature X-ray powder
diffraction data indicates that the samples are biphasic in
the sense that the mixed Co—Mn perovskite appears under
two different symmetries. The majority phase can be inde-
xed on the basis of an orthorhombic symmetry (S.G.:
Pnma) [14] and the minority phase on the basis of a
rhombohedral symmetry (S.G.: R3c , in the hexagonal set-
ting) [15]. The so-obtained cell parameters: a, ~ 5.8 A, b,
~ 7717 A, ¢, ~ 5.5§A for the majority phase, and a;, ~
549 A, ¢, ~ 13.21 A for the minority phase are in good
agreement with the data reported in the literature [24].

As for the particle size of the polycrystalline materials,
SEM micrographs show that, as expected, the samples that
have been annealed at higher temperatures show bigger par-
ticle size (Fig. 1). In this context the diameter (¢) of the
particles increased from 0.3 um in the sample annealed at a
temperature of 950 °C to 7 um in the sample annealed at
1300 °C (see Fig. 1).

On the other hand, the results of the iodometric tritations
indicate that except for the sample annealed at the lowest
temperature, that is oxygen stoichiometric, all the other ma-
terials show a very similar oxygen defficiency (3) of 0.04-
0.05.

3.2 Dielectric properties

The complex relative dielectric permittivity of the
LaMn, sCo, sO5_5 samples,

/() = g(0)—ig (o) )

(er = €/ gy ; where gy = 8.85x107!? F/m is the permit-
tivity of free space and o is the angular frequency) as well
as their a.c. conductivity were measured as a function of
frequency and temperature.

In what follows we will first describe the results obtained
for the sample with biggest particle size ¢ = 7 um (section
1) to then show the influence of particle size (section ii) and
the type of contacts (section iii) on the measured dielectric
properties.

i) Sample with & = 7 um
Figure 2(a) shows the real part of the dielectric permittivity

g, (the so called dielectric constant) as a function of tem-
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perature, and obtained at different measuring frequencies.
The first remarkable feature is the significant increase of
this dielectric constant above a certain temperature giving
rise to a very high (giant) dielectric constant at room tem-
perature (g, = 10* for v = 10° Hz), that is 400 times that of
the value shown at 77 K.

The behaviour of the dielectric constant as a function of
frequency is shown in Figure 2(b). At room temperature, it
keeps a constant value above 10° up to 2x10* Hz giving rise
to a plateau, to then decrease in a step-like manner so that
for e, (v ~ 1x10° Hz ) ~ 103. As temperature decreases ¢, is
seen to disminish and so does the extension of the plateau.

On the other hand, the imaginary part of the dielectric
permittivity €, shows rather high values that increase as
temperature rises and as frequency decreases (Fig. 2 (c)).

As a result, this sample shows rather high losses as it can
be seen in Fig. 2(d), that shows the frequency dependence
of the loss tangent, tan 8= &"/¢’, at different temperatures.

The a.c. conductivity (c,.) of this sample is shown in
Figure 3. As it can be seen, this sample is not completely
insulating and its ¢, . increases with temperature. In ad-
dition, for T = 300 K the low-temperature G, . constant
value experiences a sudden increase at v =~ 2x10* Hz, that
is in fact the frequency at which the dielectric constant
shows the step-like decrease.

ii) Influence of the particle size

We have compared the dielectric behaviour of the samples
with different particle size as a function of temperature and

as function of frequency and the obtained results are shown
in Figures 4 (a-c).

The most remarkable feature is the disminution of vari-
ous orders of magnitude in the values of €, when the par-
ticle size of these polycrystalline materials decreases (Fig.
4(a) and 4(b)). This difference is higher at lower frecuencies
and higher temperatures.

On the other hand, the dielectric losses are seen to in-
crease as the particle size of these polycrystalline materials
decreases (Fig. 4(c)).

It shoud also be mentioned that, as expected, the a.c. con-
ductivity of these samples is seen to decrease as the particle
size decreases (Fig. 4(d)). And the behaviour described for the
¢ = 7 um material is found in samples with ¢ = 4 um.

iii) Influence of the electrode contacts

As indicated in the experimental section we have measured the
dielectric permittivity of these samples using different types of
contacts. As an example we show in Fig. 5(a) the results ob-
tained on the material with ¢ = 7 um using either sputtered
gold, either sputtered silver or silver paint contacts. These
measurements reveal that at low and medium frequency the
type of electrode contact can cause a strong variation of .,
and that the highest ¢, values are obtained when using sputt-
ered gold. Nevertheless at high frequencies ¢, converges to
similar values independently of the electrode contact.

It is also worth pointing out that the samples with sputt-
ered gold are also those that show higher conductivity

(Fig. 5(b)).

o ~4um

®~55um &~ 7 um

Figure 1 SEM micrographs showing the particle size of the LaMn, sCo, 505_5 samples annealed at different temperatures: (a)T,,,= 950 °C
(¢~ 0.3 pm); (b) Typp= 1000 °C (¢~ 0.75 pm); (¢) Topp= 1100 °C (¢~ 1.5 pm); (d) Tnn= 1200 °C (¢~ 4 pm); () Typn= 1250 °C (6~

5.5 pm); (f) Tann= 1300 °C (¢~ 7 pm).
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Figure 2 Dielectric behaviour of the sample with ¢ = 7 um:

(a) Temperature dependence of the real part of the dielectric con-
stant (g, measured at different frequencies.

(b) Frequency dependence of the dielectric constant at different
temperatures.

(c) Frequency dependence of the imaginary part of the dielectric
permittivity at different temperatures.

(d) Frequency dependence of the loss tangent measured at differ-
ent temperatures.
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4 Discussion

The obtained results show that LaMn, sCo, sO3_5 displays
a very high dielectric constant, specially at room tempera-
ture and low frequencies. This €. is seen to be strongly de-
pendent on the particle size of the polycrystalline material
and not so much on the oxygen defficiency (that is similar
for the samples with 0.75 = ¢ = 7 pm). Very interestingly
the samples with higher particle size are those exhibiting
better dielectric properties (higher dielectric constant and
lower loss tangent). In this context, for a particle size diam-
eter o= 7 um ¢, is as high as 5x10° up to 2x10* Hz. This
result makes it very attractive for potential applications pro-
vided its rather high losses can be minimized.

From the scientific point of view many questions should
be understood about the instrinsic or extrinsic nature of the
observed interesting dielectric behaviour.

In this context and to study frequency dependent or pu-
rely a.c. relaxation effects, we have substracted the d.c. con-
tribution from the observed &, value, taking into account
that [25]:

_ Sde. )
€00

Sg‘die(m) = 3;(03)

where & 4= loss-factor due to a true dielectric response
and o4.= d.c. electric conductivity that is obtained from
the extrapolation of the a.c. conductivity, o(®), to low fre-
quencies.

The obtained results, corresponding to the sample with
highest particle size, are presented in Figure 6. In this rep-
resentation we see a maximum at very low frequency, that
is typical of diffusional processes; and a second maximun
at higher frequencies that ressembles Debye-like dipolar
relaxation processes with characteristic times, T = l/o,
where o is the characteristic frequency of relaxation.

A logarithmic fit of the characteristic times versus the
inverse of temperature shows an Arrhenius behaviour, T =

2.5
PGl
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Figure 3 Plot of the a.c. conductivity versus frequency correspond-

ing to the LaMn 5C0 50,95 sample with ¢ ~ 7 pm (temperature
range: 110 = T =350 K).
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Figure 4 Comparison of the dielectric behaviour of
LaMn, 5Co, 505_5 samples with different particle size:

(a) Temperature dependence of the dielectric constant (&) meas-
ured at 1154 Hz.

(b) Frequency dependence of the imaginary part of the dielectric
permittivity measured at T= 300 K.

(¢) Frequency dependence of the loss tangent (tan 6) at T = 300 K.
(d) Frequency dependence of the loss a.c. conductivity at T =
300 K.
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Figure 5 Influence of the electrode contacts on the dielectric and
electrical behaviour of the LaMng sCog 50,95 sample with ¢ =
7pm at T = 350 K:

(a) Plot of ¢, as function of frequency.

(b) Plot of a.c. conductivity as a function of frequency.

19 exp(U/(kgT)) (where U is the activation energy and kg
the Boltzmann constant) at high temperatures (T > 250 K)
with an activation energy U ~ 150 meV.

As for the reasons that would account for the appearance
of electric dipoles in these samples, in principle they could
have an extrinsic and/or intrinsic origin.

But the observed strong influence of the particle size and
the nature of the contacts on their dielectric properties re-
veal that there is an important extrinsic contribution to the
observed high ¢ values. In this context, the extrinsic in-
terfacial Maxwell-Wagner model [26] allows us to explain
the variations observed as the above factors are modified.
In this context, for a typical Maxwell-Wagner 2-layer con-
denser consisting of two parallel sheets of materials (1) and
(2), characterized by their dielectric constants, conductivi-
ties and thickness (g1, 01, d;) and (&;,, 65, d,), respectively
(Fig. 7), the optic dielectric constant, €., can be expressed
as [27]:

. de; €0
Eroo = — 7
€.1d> + €,0d;

3)

and the dielectric constant at low frequencies (the so-
called static dielectric constant, ;) can be expressed as
[27]:
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€rs = €109 1 + did, 4)

o Ve, o 8;:1
d  d
G Oz

If the subscript 1 represents the bulk material, that is its
intrinsic behaviour, and the subscript 2 comprises factors
such as electrode/sample interface and grain boundaries,
that is extrinsic factors, and assuming that 6; >> o, and d,
>> d, and that ¢;; = €, we obtain from eq. (3):

Eree = ) )

and from eq. (4):

e {1 + dldz(di)z} 6)

G

where o is the static conductivity of the sample and can
be expressed as [27]:

o= d<$+%)71 o)
(o] (o))

According to expression (4), an increase in the surface
layer, d,, and a decrease in the sample conductivity gives
rise to a decrease of the static dielectric constant as seen in
the experimental results when the particle size decreases.

On the other hand, the influence of the nature of the
contacts on the ¢, value can also been understood on the
basis of this model. Again, as predicted by the Maxwell-
Wagner model in equation (6), as the conductivity of the
sample increases when using sputtered gold contacts the di-
electric constant is also seen to be higher.

Therefore extrinsic effects play an important role in the
observed dielectric behaviour, specially at low frequencies
and/or high temperatures.

To try separate the intrinsic and extrinsic contributions
we performed complex plane analysis of the obtained data.
The best fits were obtained when modelling the impedance
spectroscopy (IS) data on the basis of an ideal circuit equiv-
alent consisting of two parallel elements connected in series,
one RC element for the bulk, that is frequency dependent,
and the other for the grain boundary response. For such a
circuit, each RC element gives rise to (ideally) a semicircular
arc in impedance complex plane plots, Z” vs Z' [28]. The
number and characteristics of the elements in the equivalent
circuit needed to simulate the IS plots depend of the tem-
perature range studied.

In the low temperature range (T< 150 K), the impedance
complex plane plots show and arc which intercepts the co-
ordinates origin (Figure 8(a)). This means that at these tem-
peratures and in the frequency range studied only the re-
sponse due to intrinsic factors is observed.

In the high temperature range (T > 250 K), the im-
pedance complex plane plots show an arc which does not

2270 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim
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Figure 6 Frequency dependence of the imaginary part of the com-
plex relative dielectric permittivity after substraction of the contri-
bution from free charge carriers in the temperature range 110 = T
=350 K corresponding to the sample with ¢ ~ 7 pm.

3 6

intercept the coordinates origin (Figure 8(b)), which means
that only the response due to extrinsic factors is observed.

In the temperature range 150-250 K, the impedance com-
plex plane plots show two arcs (Figure 8 (c)) that can be
modeled by the equivalent circuit with two RC elements
that we have described before.

The fits using this equivalent circuit indicate that the ca-
pacity of the intrinsic bulk response is of the order of pF
while that of the interface capacitor is of the order of puF,
and that the intrinsic dielectric constant of the compound,
€res, i Of the order of 30. This &, is still rather high for
this type of oxides, as typical values are g;.. ~ 1-10 [29].
And when this enhanced &;.. is multiplied by the important
contribution of the extrinsic factor it gives rise to the very
high dielectric constant measured at room temperature.

Arrived to this point it is interesting to think about the
origin of such an enhanced intrinsic dielectric constant for
this type of material. In this context it is interesting to note
that in our research group we have found high dielectric
constants in mixed-oxides with charge ordering, such as in
Prj ¢7Cag 33MnO; [7], La; 5Srg sNiOy [8], CaMn,0O, [9] and
Pr,_,Ca,MnQy, [30] while related members of these families
with no charge ordering show much smaller ¢, values.

Figure 7 Model of a 2-layer condenser consisting of two parallel
sheets of materials (1) and (2).
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Figure 8 Impedance complex plane plots of the sample with ¢ ~ 7 um, corresponding fits and equivalent circuits obtained at differents
temperatures: (a) T= 120 K; (b) T= 150 K; (c) T= 300 K. The open circles represent the experimental data and the solid line the

corresponding fits.

All these results lead us to associate this enhanced intrin-
sic dielectric constants to the fact that the charge separation
that occurs in a CO transition could lead to the formation
of some kind of electrical dipoles in these type of materials,
in an analogous way to that theoretically proposed by other
authors very recently [31].

More work is in progress to deepen in this very attractive
and interesting behaviour.

5 Conclusions

We have prepared polycrystalline LaMngsCogsO5-_5
samples of different particle size by the nitrate decompo-
sition method. According to X-ray diffraction these
samples are biphasic and iodometric titrations indicate that
they are oxygen defficient (6 ~ 0.04-0.05), except for the
sample annealed at the lowest temperature.

The dielectric properties of this mixed oxide were studied,
finding very high values of the dielectric constant specially
at room temperature and low frequency, that make it very
attractive for potential aplications. This €. is strongly depen-
dent on the particle size of the polycrystalline material and
the better properties are found in the samples with bigger
particle size. For example for a particle size diameter ¢ =
7 um €, is as high as 5x10° up to 2x10* Hz.

These high dielectric constants are strongly enhanced by
extrinsic polarizations effects, but in any case the value of
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the intrinsic dielectric constant is already relatively high for
such a type of compounds (g;.. ~ 30).

We relate the enhanced intrinsic dielectric constant of this
mixed oxide to the electronic process of charge ordering
present in this material below 400 K.
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