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Abstract

We have prepared Ga, PryMnO4 (x =0, 0.25,0.33 and 0.50) compounds by the so-called “liquid-mix” method. X-ray powder diffrac-
tion indicated that these compounds are single-phase materials and resistivity measurements showed that the Pr-doped samples experier
charge-ordering (CO) transitions at 275K 0.25), 330 K (¢ = 0.33) and 315 K £ = 0.50). The intrinsic dielectric constants calculated by
impedance spectroscopy (IS) from the values of the obtained bulk capacitances were remarkably high: 217, 37 andx8& fb26.33
and 0.50 samples, respectively. In addition, extrinsic factors play an important role on their dielectric response, esgecidllyakK, giv-
ing rise to very high dielectric constants at room temperatqre»(loﬁ). Also, and for comparison, we have studied the dielectric response
of CagMnOy (non charge-ordered compound), finding much smaller dielectric constant values and an intrinsic contyifutlkp= 14,
remarkably lower than in the case of Pr-doped compounds. These results could be a new evidence of the link between the charge ordere:
state and the increase of the dielectric constant.
0 2005 Elsevier SAS. All rights reserved.
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1. Introduction specially interesting in the case of manganites, as it is un-
stable under a variety of external perturbations (including
In recent years, the physical properties of the manganesemagnetic field, temperature, external and chemical pressure,
perovskites Ln_,A,MnO3z have been intensively investi- X-ray and electron irradiatiof7,8]) so that these systems re-
gated due to the discovery of colossal magnetoresistanceveal spectacular effects like metal to insulator transitions or
(CMR) in some members of this famifit]. Numerous ef- transitions into a ferromagnetic state induced by an external
forts have been done to characterize and understand thisnagnetic field.
CMR effect as well as other related properties of these  Other interesting properties have been recently discov-
mixed-oxides[2]. In this context of particular interest is ered and related to the CO state, such as an enhanced di-
the study in the mixed-valence manganites of the charge-electric response. A first evidence of a link between CO and
ordered state, in which the metal ions in different oxidation an increase of the dielectric properties has been reported
states order in specific lattice sites giving rise to charge 10- by Jardén et al[9] and Rivadulla et al[10] that found
calization[3]. Manganites are not the only compounds that i pp, 5/Cay 33MnO3 a high capacitive behaviour that ap-
show charge ordering; in fact, this property was first discov- pears just below its CO temperatufieso = 250 K. Single-
ered in F@0O4 [4] and is also present in other materials like crystals of PggsCap28SMh.07MNOs [11], polycrystalline
nickelates[S], cuprated6], etc. But the process of CO is | 5, :Spy 5NiO4 [12], CaMyO12 [13,14]and polycrystalline
and thin films of La_,Ca,MnO3 [15,16] also show rela-
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off-center atoms that are at the origin of the large dielec-
tric response in the well-known “structural” ferroelectrics
[17]) the CO state seems to play an important role in the
larger value ofs,. Recently, theoretical studies by Efremov
et al.[18] predicting a net polarization of the electric dipole
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2. Experimental

The samples were prepared by the so-called “liquid-mix”
or Pechini method27]. PrsO11 (99.9% Aldrich) was first
converted into the corresponding nitrate by dissolution in di-

moments in the CO state, also support these experimentafuted HNG; (30%). This product was then added to a 1 M

evidences.

But many features about this behaviour remain an open
guestion. It is therefore of interest to study the dielectric be-
haviour of more compounds that experience CO:

(a) To obtain more experimental data that allow confirm or
rule out the link between CO and high and

(b) In the search for new dielectric materials with high per-
mittivities and low loss factors, that have important ap-
plications in many electronic devices like high perfor-
mance capacitofd.9].

In this context, nowadays the best industrial perfor-
mances are given by ferroelectrics, such as the well-known
perovskite materials BaTi§) PbTiO;, etc. Another oxide
that has recently attracted a lot of interest is the complex
perovskite compound CagTi4O12 due to its room temper-
ature frequency independent “colossal” dielectric constant
[20].

In our group, and in the framework of dielectric prop-
erties of manganese oxides with CO we have focused
on Ca_,Pr,MnO4 compounds, which are related to the
Prp.67Ca 33Mn0O3 perovskites, but where the dimension-
ality of the crystal structure has been changed from 3D
to 2D. According to Ibarra et al21] that studied these

citric acid aqueous solution in which stoichiometric amounts
of Mn(NOg)2-5.3 HyO (98%, Aldrich) and CaC@(>99%,
Fluka) were also dissolved. After diluting the so-obtained
solution, we carefully added ethyleneglycol in a proportion
of 10% v/v. The resulting solution was heated at 20Quntil
a brown gel was formed and whose organic matter subse-
guently decomposed at 400°C. The obtained ashes were
given accumulative heating treatments at 60024 h and
900°C/48 h, with intermediate grindings, and the pelletized
samples were finally sintered at 1200/24 h.

Room-temperature X-ray powder diffraction (XRPD)
patterns of all the samples were obtained with a Siemens
D-5000 diffractometer and Cu ¢(§ = 1.5418 A radiation.
The XRPD data were analyzed by the Rietveld profile analy-
sis using the Rietica softwaf28].

The d.c. resistivity of the samples was measured by a
standard four-probe technique using a homemade device.

The complex dielectric permittivity of these mangenese
oxides was measured with a parallel-plate capacitor coupled
to a precision LCR meter Agilent 4284 A, capable to mea-
sure in frequency range from 20 to 1 MHz. The capacitor
was mounted in an aluminium box refrigerated with lig-
uid nitrogen, and incorporating a mechanism to control the
temperature up to 350 K. The samples (average size: 0.15—
0.35 cn?) were prepared to fit in the capacitor, and gold was
sputtered on their surfaces to ensure good electrical con-

compounds by electron microscopy, and measured theirtact with the electrodes. In one of the samples, additional
transport and magnetic properties, they exhibit a long-rangemeasurements were performed using both silver paint and

charge-orbital ordering state over a wide compositional
range (025 < x < 0.50) and at remarkably high tempera-
tures (270< Tco (K) < 330). From the magnetic point of
view, these compounds are paramagnetic (PM) above 150
and show long-range antiferromagnetic ordering of the mag-
netic moments of Mfi and Mrf* ions below 150 K.

In this context, we have performed a detailed characteri-
zation of the dielectric properties of the MMn*t mixed
oxides Ca_,Pr,MnO4 with x = 0.25, 0.33, 0.50, that show
different CO temperatures. In order to check the influence
of the CO state on their dielectric behaviour, we have also
studied the dielectric properties of the 8O, phase that
does not show CO and where the Mn cations have a for-
mal oxidation state of-4. Due to the controversy regarding
extrinsic polarization effects as origin of giant dielectric con-
stants[22,23] found in other ceramic materialg4,25], we
have explored the influence of extrinsic factors (like grain

sputtered silver contacts. In addition, to test the optimal per-
formance of the experimental set-up, a commercial SgTiO
sample was measured and values similar to those reported in

kthe literaturg29] were obtained.

Impedance complex plane plots were analyzed using the
LEVM program[30].

3. Resultsand discussion
3.1. Sample characterization

Room temperature X-ray powder diffraction showed that
all the samples are single phase materials with a perovskite-
related KNiF,4 structure. In this structure, the perovskite
blocks are separated one from another by the presence of
rock-salt-type (Pr/Ca—0) layers along thaxis.

Refinement of the diffraction data gave the cell parame-

boundary and electrode effects) by impedance spectroscopyers that are showed ifable 1 Thex = 0.25 and 0.33 com-

analysig26] and we have checked the influence of the con-

pounds were indexed on the basis of a tetragonaNiR,

tacts used to perform the experiments. The most outstandingstructure and for the = 0.50 sample, an orthorhombic cell

results of these studies are presented in this paper.

with a ~ b ~ atv/2 andc = ¢; (Wherea; andc; are the cell
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Table 1 The temperature dependence of the d.c. resistivities af-
Cell parameters for the Ga,Pr,MnO4 samples, obtained from refine-  ter and befordco follow an Arrhenius law p = AeEa/kT)’
ments of the room temperature X-ray powder diffraction data indicating that the conduction mechanism takes place by

a(®) b (R) c(® hopping of the charge carriers. At > Tco the hopping
x=0.00 51900(1) 24.127(6) activation energyE,, that was calculated from the corre-
x=025 37471(1) 11.882(4) sponding linear fits, was: 119 meV, 155 meV and 172 meV
x=033 37701(5) 11.832(3)

for x = 0.25,0.33 and 0.50, respectively. At lower tempera-
tures (175 K< T < Tco) higher values of:, were obtained
(148 meV, 205 meV and 192 meV, respectively).

x=0.50 539463) 5.3668(3) 11831(5)

parameters of the tetragonabKiF, structure) was used.
On the other hand, the structure of the;aO4 sample is 3.3. Dielectric properties
related to that of the fNiF4 phase, but where the Mr@c-
tahedra are slightly rotated around thaxis[31], giving rise
to a tetragonal unit cell with ~ b ~ a+/2 andc ~ 2¢;. We
have to note that Ibarra et §.1] have used an orthorhombic

cell (a ~ b ~ av/2 ande = cr) to index the electron diffrac- As the results are considerably different for Pr-doped

t|(_)n patterns of t_he =0.25 and_x = 0.33 compounds. This compounds compared to the 4n0, sample, in what fol-
disagreement with our results is probably due to the fact thatlows we will separately describe these two types of behav-
charge ordering superstructure diffraction maxima are too

weak to be observed by X-ray diffraction.

The relative complex dielectric permittivity = e; — ¢/
of the samples was measured as a function of frequency and
temperature.

iours. For simplicity we will first show the results for the
non-charge ordered g&lnO4 material.

3.2. d.c. resistivity measurements
y 3.3.1. CapMnO4 (non-charge-ordered compound)

Fig. 2 shows the frequency dependence of the real part
of the complex dielectric permittivity, (the so-called di-
electric constant) for this sample. As it can be seen, for a
given temperature the dielectric constant decreases with fre-
guency, while for a given frequency it increases with temper-
ﬁture. Nevertheless, while at the lowest frequesjag very
strongly temperature dependent, changing from 20
110 K) to 1¢# (T = 350 K), at high frequencyu(= 10f Hz)

Taking into account that the resistivity is sensitive to the
charge-ordering transition, d.c. resistivity of the Pr-doped
samples was measured in order to estimate their CO tem-
perature and, in general, their electrical behaviouFitn 1
we show the resistivity versus temperature curves for the
Pr-doped samples. As it can be seen these materials are sem
conducting and their resistivity increases with doping. In
addition, they all show a CO transition that gives rise to a )
change in slope in the logarithmic representation of resis- these differences are much smaller, from 4= 110 K)
tivity versus inverse temperaturgig. 1), where the arrows t0 100 (' = 350 K).

indicate the CO temperatuieo ~ 270 K (x = 0.25), 330 K On the other hand, the imaginary part of the dielectric
(x = 0.33) and 315 K { = 0.50). These values are in good permittivity ¢/’ shows rather high values, that increase almost
agreehent with those found in .the literat{@a). linearly with temperature. As a result, this sample shows loss

tangents (tan = ¢/ /¢;) that also increase with temperature,
with values ranging from 0.03 to 140.
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Fig. 1. Plot of logarithmic d.c. resistivity versus inverse temperature for 10 10 10 10 10 10
the charge-ordered samples where the data corresponding to=t@:50 Frequency (Hz)

sample have been deliberately increased by a factor of 3 to make the curves
more visible. The line represents the Arrhenius fit of the high temperature Fig. 2. Frequency dependence of #jevalues of the Ca#MnO4 sample at
data and the arrows show the CO temperature. different temperatures.
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Fig. 3. Examples of the two kind ofZ” versus Z’' diagrams found

in the case of the GMnO4 sample: a) Lower temperature region
(110< T (K) < 300), showing basically the arc associated to the bulk re-
sponse, b) higher temperature region (300 (K) < 350), showing two

arcs attributed to the bulk and extrinsic response. The solid line corresponds
to the fit of the data to the equivalent circuits shown in the figures.

Typical impedance complex plane plots for this undoped
sample are shown iRig. 3. a) for the temperature interval
110< T (K) <300 and b) for 306 T (K) < 350.

As it can be seen, in the range 110-300 K it shows a sin-
gle large arc, while fof" > 300 K a second small arc appears
in the low frequency range.

The large arc can be modeled by an equivalent circuit
containing three elements connected in parallel: a resis-
tance(R) and a capacitanag&), that are frequency indepen-
dent, and a frequency-dependent distributed eler(i2g}.

As this large arc intercepts zero (deig. 33)), it seems to be
associated with the material bulk respof£ 26]

On the other hand, the second arc can be modeled as a

singleRC connected in series with the circuit that describes
the bulk arc Fig. 3)). This small arc is associated to ex-
trinsic contributions like grain boundaries or electrode ef-
fects.

According to these IS results, the low temperature re-
gion T < 300 K, wheree, presents lower values that are
almost temperature independent in the high frequency re-
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The intrinsic dielectric constant that can be calculated
from the bulk capacitance obtained from the IS fitefs
(bulk) = 14 (£1).

Nevertheless, in the high temperature region, whgre
presents higher values and is strongly frequency depen-
dent, the dielectric response is strongly affected by extrinsic
factors (grain boundaries and electrode effects) related to
Maxwell-Wagner polarization.

3.3.2. Cap_,PryMnO4 (charge-ordered compounds)

Fig. 4 shows the frequency dependence of the dielectric
constant; for the Pr-doped samples.

As it can be observed, after an initial decrease at very
low frequencies, related to diffusion processes that are not
the aim of this work, the high dielectric constant keeps a
constant value for a certain frequency range, and then de-
creases in a step-like manner as frequency gets higher. This
behaviour is significantly different from what we find in the
non-doped compound, where only a very small plateau is
seen at the highest temperature and in the lowest frequency
region.
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Fig. 4., versus frequency for the Pr-doped samples G#r, MnOy4 with

gion, the dielectric response of the materials is that of the ) — 025, b)x —0.33 and c)c = 0.50. In thex = 0.33 sample, the solid

bulk sample, that is, the dielectric behaviour is mainly in-
trinsic.

line is the fit of the data to found in the case of the Pr-doped samples with

x = 0.33 the equivalent circuits shown Fig. 5.
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The ¢, values for these CO samples are very high~{
10° in the plateau region) and about two orders of magnitude
higher than those found in @slinOy.

These results are nevertheless qualitatively similar to
those reported in the literature for other compounds such
as CaCyTigO12, Lap_,Sr,NiO4, CaMnyO; etc. [12-14,
20,32}

The imaginary part of the dielectric permittivity’ also
shows high values, that increase with temperature, with loss
tangents between 0.025 and?10

In order to understand the dielectric behaviour of these
CO Pr-doped compounds, IS analysis was also carried out.
The impedance complex plane plot of the- 0.33 sample,
that are qualitatively similar to those of the= 0.25 and
x = 0.50, are shown irFig. 5 for different temperature in-
tervals. As it can be seen, at low temperatu®s(110 K)
it shows a single large arc that intercepts the origin; at in-
termediate temperatures (107 (K) < 200) a second arc
appears in the low frequency range; and at higher tempera-
tures C > 200 K) it shows an arc that does not intercepts
the coordinates origin.

The impedance complex behaviour of these samples can
be modeled by an equivalent circuit consisting of two paral-
lel RC elements connected in series to a third element with a
R, C andDE connected in parallel. As we will show later the
two parallelRC elements simulate the extrinsic contribution
(grain and electrodes boundaries) while the third element
simulate the bulk contribution. This circuit is similar to the
one used in the high temperature region ofK&a0,, but in
the case of the Pr-doped samples a i&vis needed to fit
the data attributed to extrinsic factors.

The number of elements in the equivalent circuit needed
to simulate the impedance plane plots is different depending
on the temperature.

At lowestT < 110 K, the impedance complex plane plot
shows a large arc that can be modeled by a resistance, a ca-
pacitance and distributed elem&BiE), seeFig. 5a). As this
large arc intercepts zero, it seems to be associated with the
materials bulk response.
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In the temperature range 110-200 K, the impedance com-tne pr-doped sample with = 0.33 (a similar behavior was found in the

plex plane plots show two arcs (s€g. b)) that can be
modeled by the equivalent circuit shown beforeFlg. %),

case of ther = 0.25 and 0.50). a) Low temperature regidh € 100 K),
showing basically the arcs associated to the bulk response, b) intermedi-

we show as an example the fit at 170 K. The order of mag- ate-temperature region (1207 (K) < 200), showing two arcs attributed

nitude of the capacitance associated with the high frequenc
arc is about pfcm, typical of bulk respons6], while the
capacitance of the low frequency arc is aboutaerh, typical
of extrinsic factors.

In the high temperature rangd (>~ 200 K), the im-

to the bulk and extrinsic response, ¢) high temperature red@ion 200 K),
ywhere only the arc associated to the extrinsic contributions is observed.

formation about the intrinsie; (bulk) value at the charge
ordering temperature. In fact, if we plot the measureder-

pedance complex plane plots show an arc which does notsusT (Fig. 6), thee; value is mainly intrinsic at the lowest

intercept the coordinates origirFi@. 5c)), so this means

temperatures. But at higher temperatures 150 K, there

that at these temperatures and in the frequency range studis a notable rise of the permittivity probably due to the in-

ied only the response due to extrinsic factors is observed.fluence of extrinsic factors that does not allow us to obtain a
This plot can be modeled with twiRC elements connected  clear information about the behaviour of the intrinsic dielec-
in series and on&, in order to consider the resistance of tric response at the charge ordering temperature.

the non-observed bulk. In this region, we do not have data  The intrinsic dielectric constants calculated from the val-
to estimate the bulk capacitance, and we cannot obtain in-ues of the obtained bulk capacitances were 2430), 37
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Fig. 6. Temperature dependence of the dielectric permittivity for Pr-doped
samples, showing the dramatical increase ofhealue as temperature . : . o
increases (measuring frequency: 1154 Hz).

400l x=0.33
(£3) and 80 {4) for thex = 0.25,0.33 and 0.50 samples,
respectively. Taking into account that in these type of oxides _ 300+ .
g is typically of the order of 1(23] the here-obtained values T

. . . . 200 - B
are remarkably high. If we compare them with the dielectric f ] 110 K
constant of the non CO compougf{bulk) = 14, these re- 100 £F 120 KA
sults suggest that the CO state may play an important role in A 130K
these enhanced dielectric constants. ot ]

. . . . 0.0 1.0x10® 2.0x107 3.0x10% 4.0x10° 5.0x107
Specially large is the suspicious value of 217 obtained for o1
®

the 0.25 sample. This value is notably higher than the value
predicted for a non-ferroelectric materjab].

; ; —
In order to confirm these results, the dielectric con- 8001 a _
stants were also obtained graphically, $&g. 7, by us- x=0.50 N o
ing the expression, = &/ (bulk) + Aw*~! [15] (whereA = 600} °© i
(0o/€0) tan(sm/2), oo is generally weakly temperature de- o g
pendent,s, is the permittivity of free spacs, is the ex- 400L i
ponent of the power law an@d = 2 f is the angular fre- _
quency). These plots of, vs. »*~ at fixed temperatures 200 g kl;gﬁ
yield ¢/(bulk) as the common intercept (i.e., in the limit A T=125K
w — 00). At each temperature,is determined from the fre- . . .
quency dependence of the conductiVityc, = oq.c. + oow® 00 80x10° 1.0x10°  1.5¢10°

(universal dielectric respon$a3]). @

By this method, \_/ery S|_m|Iar values to those previously Fig. 7. ¢ versusw® 1 curves for the Pr-doped samples obtained at low
calculated for the dielectric constant of the Pr-compounds temperaturesx < 130 K).
were obtained. In any case, for the= 0.25 sample, the large

er(bulk) value obtained, could indicate that extrinsic contri- the Jowest values using silver paint, due to the poorer area of

butions might still be present even at the lowest measuredcontact of its relatively large particles. On the other hand, at

temperature. low temperature (110 K) (where the behaviour is mainly due
In addition to a h|gh intrinSiC dieleCtl’iC Constant, eXtrin- to the bulk materia|) the die'ectric response iS a|most con-

sic effects enhance even further the dielectric response oftact independent specially at high frequencies, confirming
these materials, specially At< 150 K, and give rise to such  the non-interference of the electrodes.

very high room temperature dielectric constasfs~< 106).

More evidence for the influence of the extrinsic polarization

effects in the dielectric measurements is given by perform- 4. Conclusions

ing the experiments with different kind of conta¢s]. In

Fig. 8 we show the results obtained for the= 0.33 sample Ca_,Pr,MnO4 (x = 0,0.25,0.33 and 0.50) samples

at two different temperatures using sputtered gold, sputteredwere prepared by the Pechini method. Room temperature
silver and silver paint contacts. As it can be seen, at 300 K X-ray diffraction indicated that these compounds are single-
the dielectric behaviour of the sample is different depending phase and resistivity measurements on the Pr-doped samples
on the contacts used. In this case, the highgstlues are  showed evidences for CO transitions at 275, 330 and 315 K
obtained using sputtered silver and gold contacts, that leadfor x = 0.25,0.33 and 0.50, respectively, and no CO for
to a larger area of direct metal-semiconductor contact; andx = 0.
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Fig. 8. Plot ofe; as a function of frequency for the= 0.33 sample show-

ing the influence of the type of contacts (sputtered gold, sputtered silver and

silver paint) on the dielectric behaviour of this material (measuring temper-
atures: 110 and 300 K).

The intrinsic dielectric constants calculated by IS analysis
from the values of the obtained bulk capacitances were 217,

37 and 80 for thex = 0.25,0.33 and 0.50 samples, respec-
tively. These values are remarkably large for oxide without
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