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Dielectric properties of Bi;_,Sr,MnO; (x=0.40,0.50) manganites: Influence
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The great tendency of Bi—Sr manganites to present charge order (CO) at very high temperatures and
partial hybridization of the 6s> lone pair with O p-orbitals makes these materials interesting as
potential candidates for obtaining high dielectric constants with very small frequency dependence at
room temperature. We have studied the dielectric properties of Bi;_Sr,MnO; (x=0.40,0.50)
perovskites that present CO well above room temperature (7o~ 525 K). Thick (~4 mm) samples
exhibit, at room and higher temperatures, high values (above 10°) of the dielectric constant along a
huge range of frequencies in which &/ is nearly unvarying. The dependence on the thickness of the
dielectric constant, its evolution with temperature, and the Cole—Cole diagrams evidence the
influence of extrinsic effects. To properly compare the results in the two compounds, we have
performed a detailed structural study using neutron and synchrotron diffraction. CO is more
extended in x=0.40. The results in the two compositions allowed us to correlate CO and phase
separation with the huge values of &/ found in these systems. © 2009 American Institute of Physics.

[DOL: 10.1063/1.3116159]

I. INTRODUCTION

High-permittivity dielectric electroceramics attracts con-
siderable attention for applications in the electronics indus-
try. The study of the dielectric properties of different transi-
tion metal oxides emerges as a way to find new systems of
interest for capacitors, memories, sensors, or actuators. Be-
side the interest of the magnetoelectric effects, looking for
materials with high dielectric constant is a key issue for the
development of better capacitive and memory devices.

From a crystallographic point of view, the appearance of
a permanent dipolar moment in a material is not compatible
with the presence of mirror planes and inversion centers. It
has been proposed that charge ordering in oxides can lead to
the apparition of colossal dielectric responses.]*5 In
Pr,3Ca; sMnO;, for instance, the high capacitive response
disappears just beyond the charge ordering transition
temperature.l’3 This fact could be linked to the finding that
the so called charge order (CO) state drives to the apparition
of a noncentrosymmetric structure. For applications, it is im-
portant to offer large dielectric responses up to room tem-
perature (RT) and above, in addition to a suitable frequency
range. The low transition temperatures in most charge den-
sity wave materials represent a strong limitation for their
applicability. Concerning CO oxides, the Bi-based mangan-
ites clearly deserve specific investigations.

The CO transition in half-doped manganites
(Lng sA(sMnO3) presents as common features (i) an increase
in the electrical resistivity, (ii) a structural transition to a
modulated phase, and at low temperatures, (iii) the develop-
ment of long-range antiferromagnetic CE-type order. CO is
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described as Mn3* and Mn** separation/ordering in the ionic
picture. During the past years Bi—Sr—-Mn-O systems has re-
ceived great attention due to some singularities with respect
to the general behavior of the previously studied
manganites.&12 One of the these is the great tendency of
Bi-Sr manganites to present CO at very high
temperatures.6’9’10’12 Another one is the presence in the elec-
tron microscopy images at atomic resolution of internal pe-
riodic structures consistent with double stripes of MnOg
octahedra,®'" which still do not have a convincing justifica-
tion. The great tendency of Bi—Sr manganites to present CO
at very high temperatures [Tco~525 K for x=0.50 and
Tco~625 K for x=0.25 (Ref. 12)] makes these materials
interesting as potential candidates for obtaining high dielec-
tric constants with null or very small frequency dependence
at RT.

In this paper we studied the dielectric response of two
different Bi;_,Sr,MnO; compounds (x=0.40 and x=0.50).
Their high T is attributed to the particular electronic struc-
ture of Bi** ions ending up, formally, with a 65> lone pair
that has a strong p-character in these compounds. This lone
pair hybridizes with O p-orbitals lowering the mobility of
Mn e, electrons and favoring charge localization and order-
ing. This drives to an unusual behavior in manganites: the
charge ordering temperature 7o monotonically increases
when decreasing the amount of Sr (increasing the amount of
Bi). As a consequence, for the two compositions investi-
gated, it is not necessary to cool down the samples to obtain
the charge ordered state, already settled at ambient tempera-
ture.

On the other hand, inherent internal inhomogeneities and
interfaces can also promote high dielectric values. Phase
separation is very usual in these Bi compounds and is
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present, systematically, for some ranges of x (for instance,
within the interval 0.33 <x<0.66). For x=0.50 the two co-
existing phases present different magnetic ordered structures
at low temperature. One of them has mainly the CE magnetic
structure usually associated with CO, but the second has an
A-type magnetic structure that usually corresponds to charge-
delocalized manganites.7 The dielectric properties of the
Bi;_,Sr,MnO; compositions with x=0.40 and 0.50 have been
investigated in connection with their microscopic nature, as
obtained from synchrotron and neutron diffraction data. For
the x=0.50 sample, the second was extensively reported in
Refs. 6 and 7 (based on the same sample used here). For the
composition x=0.40, a similar diffraction study is presented
based on the combination of neutron and synchrotron diffrac-
tion techniques. The diffraction and phase separation study
shows that, unlike x=0.50, in the x=0.40 case the two coex-
isting phases at RT present CO. This is a relevant feature
when comparing the dielectric response of Bi;_,Sr,MnOj; at
these two substitution levels (x=0.40 and 0.50). Our results
help to understand the role of charge ordering for the colos-
sal dielectric phenomenon on manganites.

Il. EXPERIMENTAL DETAILS

Polycrystalline samples of Bi;_ Sr,MnO; (x=0.40,
0.50) were prepared by solid state reaction. High purity
SrCO3, Bi,O3, and Mn,O5 have been mixed at the desired
ratios. Initial mixtures have been decarbonated at 900 °C for
7 h. After pressing the powders into pellets, the samples have
been annealed at 1200 °C in air for 15 h. Several regrinding,
followed by pressing and annealing have been done. The
quality of the samples has been tested by means of labora-
tory x-ray diffraction. They have been found to be well crys-
tallized and free from impurities up to the detection limit of
the technique (~1 wt %). Neutron powder diffraction
(NPD) data have been collected using D2B (A=1.542 A)
diffractometer of the Institute Laue Lagevin in Grenoble, at
T=5 K and at RT. Ultrahigh resolution synchrotron x-ray
powder diffraction (SPD) patterns were collected at ID31
diffractometer of ESRF (Grenoble). The standard Debye—
Scherrer configuration was used. Samples were loaded in a
borosilicate glass capillary (¢=0.3 mm) and rotated during
data collection. A short wavelength, A=0.429 697(6) A, se-
lected with a double-crystal Si (111) monochromator and
calibrated with Si NIST (¢=5.43094 A), was chosen to re-
duce the sample absorption and to get the highest intensity.
Data were collected at RT, 400, 450, 500, and 600 K.

The complex dielectric permittivity of these samples was
measured with a parallel-plate capacitor coupled to a preci-
sion LCR meter Agilent 4284A, capable to measure at fre-
quency range from 20 Hz to 1 MHz and from 110 to 350 K.
The capacitor was mounted on an aluminum box refrigerated
with liquid nitrogen and incorporated a mechanism to control
the temperature. The samples were prepared to fit in the ca-
pacitor and gold was sputtered on their surfaces to ensure
good electrical contact with the electrodes. Additional mea-
surements were performed changing the sample thickness. In
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FIG. 1. dc conductivity of Biy¢Sry4MnOj; and Bij 5Sry sMnOj5. Temperature
dependence and comparison with Pr, 5Sr; sMnO;. The magnetic order indi-
cated in the figure informs of the presence (CE and pCE) or absence of
charge order (A).

addition, to test the optimal performance of the experimental
setup, a commercial SrTiO; sample was measured and val-
ues similar to those reported in literature were obtained."

lll. DIELECTRIC RESPONSE CHARACTERIZATION

The conductivity o of the two specimens is depicted in
Fig. 1 below RT. It is slightly higher for x=0.50 than for
x=0.40. In the figure it is compared to the half-doped man-
ganite Pry sSry sMnOs (with Pr instead of Bi), which does not
exhibit a CO state at any temperature (it presents an A-type
magnetic order).

Figures 2(a) and 2(b) show ¢, versus frequency curves
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FIG. 2. & vs frequency at selected temperatures corresponding to (a)
Bi ¢Sr94MnO; and (b) Bij 5Sry sMnOj for the thicknesses=3.8 and 3.9 mm,
respectively.
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FIG. 3. & vs frequency at selected temperatures corresponding to (a)
BigST94MnO;, thickness=1.10 mm  (top), and (b) BisSrysMnOs,
thickness=1.55 mm (bottom). Insets: Cole-Cole diagram at 115 K.

of BijeSr)4sMnO5; and Bij 5SrysMnOs, respectively, for a
large distance between the electrodes (sample thickness of
~3.8 mm). In both samples, as it can be seen, the dielectric
response can be divided into two different behaviors. On one
hand, for 7> 150 K, the dielectric constant keeps high val-
ues, above 10%, and it is almost constant in a large frequency
range. After this, €, decreases abruptly at high frequencies.
On the other hand, for T<<150 K, the dielectric constant
shows lower values and a decrease to a constant value in a
steplike manner as frequency gets higher.

In order to study the influence of thickness on the dielec-
tric response, we have measured the samples with smaller
thicknesses, 1.10 and 1.55 mm for the BijSty4MnO5 and
Bi( sSr; sMnO5 samples, respectively (Fig. 3). We will con-
sider the composition Big ¢Sty 4,MnO; first. As it occurs for
the case of the thicker Bij ¢Sty 4,MnO; sample, the dielectric
response presents two different behaviors in the studied tem-
perature range [Fig. 3(a)]. From 150 to 300 K, the dielectric
constant keeps high values and is almost constant, ~ 10°, in a
large frequency range, and afterwards the &, value decreases
abruptly at high frequencies. The values in Fig. 3(a) are al-
most an order of magnitude lower than those for the thicker
sample. For T<150 K, the dielectric constant shows a de-
crease in a steplike manner as frequency gets higher. These
steps are related to the electrode, grain boundaries, and bulk
characteristics. At lower temperatures and higher frequen-
cies, &, has a trend toward ~200 K. In the inset of Fig. 3(a),
we showed the impedance complex plane plot obtained at
115 K. We observed two arcs and the beginning of a third
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FIG. 4. ¢/ vs frequency comparison using two different sample thicknesses
for (a) BiySrysMnO5 and (b) Bij 5Sry sMnO;.

arc but in any case they intercept the origin of coordinates.
This fact shows the important role of the extrinsic contribu-
tions in the obtained dielectric constant response.

Nevertheless, if we analyse the BijsSrysMnOz sample
with thickness of 1.55 mm, we observe that the frequency
dependence of ¢, for this specimen of BigsSrysMnO; [Fig.
3(b)] presents an initial decrease, followed by a plateau
(=10%-10° Hz). After this plateau, the value decreases and,
at lower temperatures and higher frequencies, this value has
a trend toward ~150 K. In the impedance complex plane
plot obtained at 115 K, we observed that it does not intercept
the origin of coordinates. As mentioned, this fact corrobo-
rates the existence of extrinsic contributions to the dielectric
constant values.

In Fig. 4, we show the comparison of ¢/ for different
sample thicknesses. ~We observed that for the
Big 50S10.50MnO; sample [Fig. 4(b)] at higher temperature,
the &, values change notably. The opposite occurs at lower
temperature and higher frequencies, where the values for the
different thicknesses are practically the same. This fact is due
to the extrinsic contributions to the dielectric constant, being
less important in this measured range.

For the Biy (St 40MnO5 sample [Fig. 4(a)], we observed
that the differences comparing the two thicknesses are nota-
bly smaller (relative to differences for the half-doped
sample). In addition, apparently the observed differences
with thicknesses increase as temperature gets higher.

Finally, when we analyse the frequency dependence of
e (without subtracting the dc conductivity) for all the stud-
ied samples, we observe that it shows high values that in-
crease almost linearly with temperature. Consequently, the
loss tangent (tan 6=¢/&]) presents high values in the stud-
ied temperature range.
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IV. THE PRESENCE OF CO INVESTIGATED BY
MEANS OF SYNCHROTRON AND NEUTRON
DIFFRACTION

The two compositions were characterized by synchro-
tron and neutron diffraction as a function of temperature be-
tween 5 and 650 K. The structural properties of the first
specimen (x=0.50) were thoroughly described in Refs. 6 and
7. Summarizing, a single-phase diffraction pattern above
Tco=525 K splits into two phases with very similar lattice
parameters below 525 K (see Ref. 6). At low temperature,
majority phase (55 wt %) presents a CE-type magnetic order
and q=1/2a* structural modulation, indicating orbital and
charge ordering below 525 K. Minority phase (45 wt %)
adopts at low temperature the A-type magnetic structure and
orbital ordering with q=0, implying the absence of CO
(Ref. 7) in all the temperature range.

In the present work the same detailed characterization
has been extended to the second composition (underdoped
sample, x=0.40), which has also been studied in the tem-
perature interval of 5-600 K. SPD pattern collected at
600 K (above Tcq) can be very well refined (y’=1.79% and
Rz=3.70%) using a single phase with orthorhombic I bmm
space group (No. 74). At this temperature, cell parameters
obtained [a=5.50968(2) A, b=5.49574(2) A, and ¢
=7.792 00(3) A] show a very small distortion with respect to
the cubic structure. Patterns collected at the other tempera-
tures (500 K and below) show the coexistence of two differ-
ent phases and the appearance of small superstructure peaks
that can be indexed by doubling a lattice parameter
(q=1/2a*). NPD and SPD patterns collected at RT can be
very well refined (jointly) using two phases with P bnm av-
erage cells. Both phases present very similar cell parameters
[phase 1 (32 wt %): a=5.54007(5) A, b=5.53168(5) A,
and ¢=7.622 02(7) A; phase 2 (68 wt %): a=5.532 33(3) A,
b=5.53529(3) A, and ¢=7.653 66(5) A] that could be re-
solved only, thanks to the use of high resolution powder
diffractometers [Fig. 5(a)]. In the two samples investigated,
the relative fractions of the coexisting phases remain con-
stant below RT.

The low angle region of NPD pattern collected at 5 K
shows the presence of several peaks coming from the long-
range ordered arrangement of Mn magnetic moments. These
peaks can be indexed by doubling both a and b lattice pa-
rameters of the coexisting phases and are easily identified
from the formation of two different magnetic structures (one
corresponding to each phase): the CE magnetic structure for
the minority phase and the pseudo-CE magnetic structure' '
for the majority phase. Taking this into consideration, the
NPD pattern collected at 5 K can be very well refined [Fig.
5(b)]. For both phases the refined value of the ordered mag-
netic moment [ uy,=3.7(8) up and gy, =3.4(4) uy for minor-
ity and majority phases, respectively] is practically that ex-
pected for perfect order (uy,=3.65). The comparison with
the magnetic phases coexisting in Big 5,Srg s5oMnO5 (Ref. 7)
compound is quite revealing. In that case the coexisting mag-
netic arrangements are the CE and the A type.7 To be under-
lined is that this last structure (A type) is usually not associ-
ated with charge ordering in manganites. Thus, our combined
SPD and NPD analyses of x=0.40 compound demonstrates
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FIG. 5. (a) Rietveld refinement of RT SPD data showing the coexistence of
two very similar cells in B, 4,Sr) 4MnO;. The inset shows in detail the high
angular part of the pattern. (b) Rietveld refinement of the low temperature
NPD data. The inset shows in detail the low angle part of the pattern with
the most intense magnetic diffraction peaks indexed according to structural
cells.

that CO extends to the whole compound, while in the
x=0.50 case, CO only occurs in the majority (55 wt %)
phase (but not in the remaining volume, 45 wt %).

V. SUMMARY AND CONCLUSIONS

CO and charge wave materials with very high transition
temperatures are interesting potential candidate oxides for
obtaining high dielectric constants with very reduced or
minimum frequency dependence at RT. Its origin (intrinsic or
extrinsic) is a subject of debate.'® The Bi-Sr manganites
present a strong tendency to adopt CO states at very high
temperatures, well above RT. So, in this research we have
studied the dielectric response of x=0.40 and x=0.50 mem-
bers of the family Bi;_,Sr,MnO; as a function of the fre-
quency at various temperatures and for two different sample
thicknesses.

Samples investigated display different behaviors at dif-
ferent temperatures. For relatively high temperatures (above
150 K and up to our highest temperature, 350 K) the dielec-
tric constant keeps high values, above 10°, and a large pla-
teau exists in which &, is almost independent of the fre-
quency. At lower temperatures, the dielectric constant
present lower values that diminish with the frequency in a
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steplike manner. In order to clarify its effect, we have mea-
sured samples with two different thicknesses. As a result of
the comparison, we found that extrinsic effects are very im-
portant in the present study and that they are minimized at
low temperature and high frequencies. The value of &/ ob-
tained at such conditions is higher for x=0.40 (e~ 200)
than for x=0.50 (e, ~150), but a further study at higher
frequencies would be necessary in order to obtain the intrin-
sic value.

We have found that both compositions present phase
separation in the whole temperature interval of our dielectric
study. Our structural and magnetic study reveals similar be-
havior but also some remarkable differences in the two com-
pounds. Above Tq, the samples are well crystallized in a
single phase. The charge ordering transition induces the ap-
pearance of two different crystalline phases (phase separa-
tion). The respective phase separated fractions are already
formed at RT and do not change at decreasing temperature
(are the same at 5 K and RT). In the case of x=0.40, both
phases present the cell distortion and superstructure peak
characteristics of charge ordered phases. Consistently, low-
temperature NPD data reveal that the coexisting phases in
x=0.40 present an ordered arrangement of Mn magnetic mo-
ments according to the CE and pseudo-CE magnetic struc-
tures (respectively, for each phase) with an ordered magnetic
moment (3.6u5/Mn) very similar to that expected. The sta-
bilization of these robust magnetic arrangements demon-
strates that both coexisting phases present a strong and well
defined charge ordering. In contrast, only one of the coexist-
ing phases in x=0.50 compound presents charge order
(55 wt %, CE-type magnetic structure). The second phase
present in the x=0.50 compound (45 wt %, A-type magnetic
structure) does not present CO. The A-type magnetic struc-
ture contains ferromagnetic planes and for the A phase in x
=0.50 that ferromagnetism is due to charge delocalization
within them (absence of CO).

This difference can be related to the higher value of the
dielectric constant found in x=0.40, the specimen presenting
CO in the two coexisting phases in the material (=100% CO
versus =~55% CO in weight for x=0.50). In phase separated
materials of martensitic nature, like the present ones, domain
boundaries and interfaces separating the coexisting phases
can act as extrinsic sources for interfacial polarization and
Maxwell-Wagner relaxation. The CO/non-CO interfaces

J. Appl. Phys. 105, 084116 (2009)

could play a significant role in the dielectric response of
these high-temperature CO materials that deserve further
studies.
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