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Abstract

The frequency-dependent dielectric relaxation in barium—aluminium-niobate, BaAl; ,Nb; ,03
(BAN), at low temperatures (103—443 K) is investigated by alternating-current impedance
spectroscopy in the framework of conductivity and electric modulus formalisms. The
Havriliak—Negami expression is used to analyse the electric modulus data. The scaling
behaviour of the imaginary part of the electric modulus suggests that the relaxation describes
the same mechanism at various temperatures. The frequency-dependent conductivity spectra
follow the power law. The electronic structure of BAN is studied using x-ray photoemission

spectroscopy (XPS). The XPS data are analysed by the first-principles full potential linearized
augmented-plane-wave method using density functional theory under the generalized gradient
approximation. The electronic structure calculation reveals that the electrical properties of BAN
are dominated by the interaction between niobium d-states and oxygen p-states. The 2’ Al and
93Nb nuclear magnetic resonance (NMR) studies of the sample are performed at 78 and

73 MHz, respectively, in the temperature range 4-295 K to understand the transport properties
of charge carriers in terms of their dynamics on a microscopic level. The description of the
NMR lineshape is given on the basis of analytical formulae. The NMR investigation confirms

the chemical ordering of 1:1 Al/Nb in BAN.

1. Introduction

Complex perovskite oxides [A(B'B”)O3] with high values of
permittivity have attracted much scientific attention due to their
applications in microelectronics as capacitors and memory
devices. High dielectric constants allow smaller capacitive
components, thus offering the opportunity to decrease the size
of the electronic devices [1].

Niobium-based oxides with complex perovskite-like
structures are attractive candidates for use as dielectric
resonators in wireless communication systems. In this
context, the electronic structure [2, 3], dielectric [4, 5] and
various other properties [6, 7] of calcium—aluminium—niobate,

0953-8984/08/445206+08$30.00

CaAl;2Nby 03, and structural and dielectric properties of
strontium—aluminium-niobate, SrAl; ,Nb; 03 [8], have been
investigated by various researchers. This has motivated us
to study the electronic structure and dielectric properties of a
similar system, barium—aluminium-niobate, BaAl; ,Nb;,O3
(BAN).

We have investigated the electronic structure of BAN
by employing the full potential linearized augmented-plane-
wave (FLAPW) method using density functional theory (DFT)
under the generalized gradient approximation (GGA). The
information associated with the spectral density function is
accomplished by x-ray photoemission spectroscopy (XPS).

© 2008 IOP Publishing Ltd  Printed in the UK
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The observed XPS results are analysed with the calculated
electronic structure data.

The low temperature dielectric relaxation of BAN
is studied by alternating-current impedance spectroscopy
(ACIS). ACIS is usually conducted by measuring small-signal
impedance at different temperatures, sweeping the frequency
over the required range. The investigation of the dielectric
relaxation in BAN will provide an insight into the conduction
mechanism.

The 2’Al and *>Nb nuclear magnetic resonance (NMR)
studies of BAN at 78 and 73 MHz, respectively, are
performed in the temperature range 4-295 K to obtain detailed
information about transport properties of charge carriers in
terms of their dynamics on a microscopic level.  The
description of the NMR lineshape is given on the basis of
analytical formulae to get the chemical ordering of Al/Nb in
BAN.

2. Experiment

The solid state reaction technique was employed for the
synthesis of BAN. Powders of reagent grade BaCOs, Al,O3
and Nb,Os, taken in stoichiometric ratios, were mixed,
calcined and finally sintered into a disc. A detailed preparation
procedure and a high temperature dielectric study of the
sample are given in a previous work [9]. The capacitance
and the loss tangent tané of the sample are measured in the
temperature range from 103 to 443 K and in the frequency
range from 50 Hz to 1 MHz by using a LCR meter (HIOKI).
The temperature is controlled with a programmable oven. All
the dielectric data are collected while heating at a rate of
0.5°C min~'. The complex dielectric modulus M*(=1/¢€*),
impedance Z*(=M*/jwC,) and AC conductivity o (=¢,€"w)
are obtained from the temperature dependence of the real (¢’)
and imaginary (¢”) components of the dielectric permittivity
(=€ —je").

The XPS spectra are obtained using a photoelectron
spectrometer (VG ESCALAB 2201-XL Imaging System,
UK) with a monochromatized Al-Ko x-ray radiation source
(1486.6 V). The C 1s peak is used as the reference standard to
determine the binding energy.

The >’ Al and **Nb NMR studies are performed at 78 and
73 MHz, respectively, in a Bruker MSL100 spectrometer with
7.04 T superconducting magnet. A home-built NMR probe
with an rf coil made of silver is used to avoid spurious %>%Cu
signals. The spectrum is recorded by applying a 7 /2-t—m /2
solid echo sequence. Temperature variation studies in the
range 4-295 K are performed in the Oxford continuous-flow
He cryostat with an ITC503 temperature controller.

3. Experimental results and discussion

3.1. Dielectric spectroscopy

The dielectric relaxation of BAN can be analysed in terms
of dipolar and conductivity relaxation mechanisms. For
conductivity relaxation, the dispersion of the dielectric
constant is determined by a locally inhomogeneous potential
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Figure 1. Frequency (angular) dependence of the M’ (a) and M” (b)
of BaAl; ,Nb; ;O3 at various temperatures. In the inset of (a), the
scaling behaviour of M"” at various temperatures is shown.

barrier with long-range charge-carrier diffusion [10], and the
dielectric response can be described as a relationship between
the electric modulus (M) and the impedance (Z). The
relaxation time is determined by the reciprocal of the frequency
where the maximum of the imaginary part of the electric
modulus or impedance is centred. The peak height in Z against
frequency plot is proportional to the resistance of the relaxation
process while the peak height in M against frequency plot is
inversely proportional to the capacitance.

Figure 1 displays the logarithmic frequency (angular)
dependence of M’'(w) and M"(w) for BAN at various
temperatures. It can be seen that the values of M’ increase with
the increase of frequency and reach a constant value M, (the
asymptotic value of M’(w) at higher frequencies (figure 1(a))).
In the frequency range of this transition, peaks in the values of
M" are developed, indicating a relaxation process (figure 1(b)).
The peak position shifts towards higher frequencies with an
increase of temperature showing the thermally activated nature
of the relaxation time. The frequency region below peak
maximum (M) determines the range in which charge carriers
are mobile over long distances. At frequencies above peak
maximum, the carriers are confined to potential wells, being
mobile over short distances.
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Figure 2. Frequency (angular) dependence of the Z” of

BaAl, ,Nb; O3 at various temperatures. In the inset, the
temperature dependence of the most probable relaxation frequency
obtained from the frequency-dependent imaginary part of the
impedance and electric modulus curves for BaAl, ,,Nb; ,O; is shown
where the symbols are the experimental points and the lines are the
least-squares straight-line fit.

The dielectric relaxation in BAN can be modelled by
the Debye [11], Cole—Cole [12, 13], Davidson—Cole [14]
or Havriliak—Negami [15] equation. ~We have fitted our
experimental data as shown by solid lines in figure 1 with the
Havriliak—Negami expression defined as [16]

, Moo Ms[M;AY + (Moo — M) cos y p]AY

M =
M2A% +2A7 (My, — My)M cos y ¢ + (Mo, — Mj)?
(1)

_ MooMs[(Moo - Ms) sinyq)]AV
T M2AY 4 2AY (M — My)M cosy e + (Moo — Ms)z2
@)
where A = [1 + 2(wt)' sin(an/2) + (07)>*'7®]'/2 and
¢ = tan"'[(wT) "% cos(am/2)/1 + (wT)' ¥ sin(am/2)]; the
values of o and y lie in the range 0.018-0.022 and 0.39—
0.45, respectively. Data presented in this way exhibit a
pronounced relaxation peak for M”(w) that moves towards
lower frequencies during cooling of the sample. Consequently,
it means that the relaxation rate for this process decreases
with decreasing temperature. As a convenient measure of
the characteristic relaxation time, one can choose the inverse
of frequency of the maximum peak position, i.e. 7, =
w_!. Thus, we can determine the temperature dependence
of the characteristic relaxation time as shown in the inset of
figure 2, which satisfies the Arrhenius law. From the numerical
fitting analysis, we have found the value of the activation
energy = 0.44 eV.
We have scaled each M” by M,! (M, is the peak value of
the imaginary part of the electric modulus) and each frequency
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Figure 3. Frequency (angular) dependence of the conductivity (o) of
BaAl; ,Nb; ;O3 at various temperatures. In the inset, temperature
dependence of the dc conductivity and wy is shown where the
symbols are the experimental points and the lines are the
least-squares straight-line fit.

by wm (wm corresponds to the frequency of the peak position
of M” in the M" versus log w plots) in the inset of figure 1(a).
The perfect overlap of the curves for all the temperatures into
a single master curve indicates that the relaxation describes the
same mechanism at various temperatures.

In figure 2, we have also plotted the logarithmic angular
frequency dependence of the imaginary (Z”) part of the
complex impedance of BAN at various temperatures. In
the accessible frequency range, the spectrum of Z” at
each temperature exhibits one relaxation peak whose peak
frequency, wp,, increases with increasing temperature and
follows the Arrhenius law with activation energy 0.42 eV, as
shown in the inset of figure 2. Figure 2 indicates the spreading
of the relaxation times. This would imply that the relaxation
is temperature-dependent and there is apparently not a single
relaxation time.

Figure 3 shows the log—log plot of frequency dependence
of ac conductivity for BAN at various temperatures. The
conductivity spectra display the typical shape found for an
electronically conducting system. At higher temperatures,
a plateau is observed in the plots in the low frequency
region, i.e. a region where o is frequency-independent. The
plateau region extends to higher frequencies with increasing
temperature. It is the region of dc conductivity, og.. For
higher frequencies, the conductivity increases with the increase
of frequency. It is to be mentioned that, at low frequencies,
random diffusion of charge carriers via hopping gives rise to
a frequency-independent conductivity. At high frequencies,
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Figure 4. Frequency (angular) dependence of normalized peaks,
Z"/Z} and M" /M, for BaAl, ,Nb, ,05 at 343 K.

o (w) exhibits dispersion, increasing in a power-law fashion
and eventually becoming almost linear at higher frequencies.
The real part of conductivity o in such a situation can be

expressed as [17]
w n
WH

where oy is the dc conductivity, wy is the hopping frequency
of the charge carriers and n is the dimensionless frequency
exponent. The experimental conductivity data are fitted to
equation (3), where 7 is about 0.65 around 443 K and increases
to a value of 0.86 around 103 K. The best fit of conductivity
spectra is shown by solid lines in figure 3. The reciprocal
temperature dependence of o4, and wy as shown in the inset
of figure 3 follows the Arrhenius law. The value of activation
energy Ey = 0.44 eV of the hopping frequency is close to the
dc activation energy E, = 0.43 eV. Such a value of activation
energy suggests that the primary charge transfer mechanism
in the conduction process is small polaron hopping. It can
be seen from figure 3 that, for BAN in the temperature range
between 323 and 443 K, a frequency-independent conductivity
(04c) appears due to the random hopping motion of the charge
carriers giving a long-range conductivity effect. For the
temperature below 323 K, the absence of dc conductivity in
the accessible frequency range is due to a dipolar effect.

In figure 4, the variation of normalized parameters
M"/M] and Z"/Z as a function of logarithmic frequency
measured at 343 K for BAN is shown. The position of
the peak in the Z”/Z! is shifted to a lower frequency
region in relation to the M”/M peak. A comparison
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Figure 5. XPS spectrum of BaAl; ,Nb; ,05.

of the impedance with electric modulus data allows the
determination of the bulk response in terms of localized
or non-localized conduction [18]. The Debye model is
related to an ideal frequency response of localized relaxation.
The non-localized process known as the dc conductivity is
dominated at low frequencies. The overlapping peak position
of M"/M]' and Z"/Z] curves is evidence of delocalized or
long-range relaxation [18]. However, for the present system the
M"/M! and Z"/Z! peaks do not overlap but are very close,
suggesting the components from both long-range and localized
relaxations.

3.2. Electronic structure and XPS study

We have calculated the electronic structure and hence the
density of states (DOS) of BAN by using the first-principles
FLAPW method [19] based on the GGA [20] within the
framework of DFT [21, 22] in an undistorted Fm3m double
perovskite structure. The volume corresponding to minimum
energy (obtained from the volume optimization) gives the
lattice parameter, @ = 2 x 5.67 A. In our calculation, we
have taken 47 k points in the first irreducible Brillouin zone
and the density cutoff, i.e. RK.x = 7. The self-consistency is
achieved better than 0.0001 Ryd for energy density.

In order to verify the electronic structure calculations
experimentally, we have performed the XPS study of BAN over
a wide energy range. The obtained XPS spectrum is shown in
figure 5. The profiles of the XPS spectrum are identified and
indexed in figure 5. A spin—orbit doublet of Nb is obtained
at 205.9 and 207.1 eV. Since the valence band is sensitive to
the chemical surroundings, the XPS spectrum in the valence
band energy region is very useful for the characterization of
the chemical environment of elements. The valence band
photoemission spectrum of BAN as shown in figure 6 shows
a broad band centred at 15.9 eV with two shoulders at 12
and 8 eV. The valence band mainly consists of the oxygen
p-states strongly hybridized with the niobium d-states. The
shoulder at 8 eV comes from the non-bonding O-p states with
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Figure 6. Experimental XPS spectrum (solid line) of

BaAl, ,Nb, ;03 in valence band region is compared with the
calculated one (dotted line). The dashed and dashed—dotted lines are
the convoluted DOS spectra of Nb-d state and O-p state, respectively.

minimal contribution from Nb-d states. These assignments will
be further discussed.

Figure 7 shows the angular momentum decomposed total
DOS of BAN with partial DOS of Ba-p, Al-p, Nb-d and O-p
states. It is observed that the main contribution in the valence
band comes from the O-p state with a small signature of the Ba-
p state, while near the Fermi level (set at 0 eV), the contribution
comes from the Nb-d state and O-p state. The basic critical
ingredients in the DOS are the d-states of the Nb atom which in
turn split into tp, and e, states by the crystal field produced by
the oxygen octahedra, with the t,, states having lower energy
and the e, states having higher energy.

The total DOS is convoluted with a Lorentzian of 0.5 eV
full width at half-maximum and the calculated spectrum is
compared with the experimental XPS valence band spectrum
as shown in figure 6. The calculated electronic structure
of BAN is qualitatively similar to that of the XPS spectrum
in terms of spectral features, energy positions and relative
intensities. To get more insight into the valence band spectrum
near the Fermi level, we have also shown the convoluted
angular momentum and site-decomposed partial DOS of Nb-
d and O-p in figure 6. It is clear from the calculated
total DOS and partial DOS of the O-p and Nb-d states that
the broad peak at 15.9 eV arises from a bonding Nb(d)—
O(p) interaction whereas the shoulder at 8 eV comes due
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Figure 7. Total density of states and partial density of states of Ba-p,
Al-p, Nb-d and O-p of BaAll/sz]/zog.

to a non-bonding state of O-p. The shoulder appearing at
12 eV is contributed by the Nb-d states which are hybridized
with O-p states. Since we have not included the lifetime
broadening in the DOS calculation, the width of the calculated
DOS curve gives sharper peaks than the experimental curve,
causing a larger experimental bandwidth than the calculated
one. This reduction of bandwidth is due to the muffin-
tin approximation as observed by us in pure [23, 24] and
complex [25] perovskites. The calculated spectra appear to
be very similar to the peak positions of XPS spectra, thus
implying a good agreement between the experimental results
and our theoretical calculations.

The electronic structure calculation reveals that the
electrical properties of BAN are dominated by the interaction
between transition metal and oxygen ions. Its valence band
consists mainly of the oxygen p-states hybridized with the
niobium d-states. The e, orbitals of the Nb cation overlap with
the nearby 2p,; orbital from the split O, to form o-bonds (e,—
po—€; bond) and the t, orbitals overlap with 2p . of 0> ions
to form weaker 77 -bonds (t;;—p,—tz,) and may be responsible
for the electrical properties.

As mentioned earlier, the XPS spectrum is very sensitive
to the chemical environment of the elements, so the electronic
structure calculation of BAN is fully based upon the chemical
ordering of AI** and Nb>* cations. The real existence of
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chemical ordering of 1:1 Al/Nb in BAN is studied by a local
method such as nuclear magnetic resonance.

3.3. %Al and > Nb NMR studies

In NMR experiments, the nuclei are sensitive to their local
environment at a distance of less than 1 nm. The *’Al and
%Nb NMR studies are performed in a polycrystalline sample
of BAN in the temperature range 4-295 K, in order to probe
the local environments of the two different nuclear sites as
a function of temperature. Figure 8 shows the 2’Al and
Nb NMR spectra at different experimental temperatures. It
is seen that the >’Al lines are almost symmetric over the
whole temperature range; only the width and the spread of
the lines towards the wings are enhanced with the lowering
of temperature. Similar to ?’Al, the “*Nb NMR lineshape
also does not alter significantly up to 4 K, except for a
small enhancement in the overall width of the resonance. As
ZIAL (I = 5/2) and ?*Nb (I = 9/2) are both quadrupolar
nuclei, they will interact with the electric field gradient
(EFG) produced by the surrounding ions, creating a noncubic
environment. So the resonance lineshape in this case will be
governed by the chemical shift and the quadrupolar interaction.
In order to determine both these parameters as a function of
temperature, the experimental spectra are fitted theoretically
using equation (4) [26]:

v(im — m — 1) = vr[1 4+ Kiso + Kaxiar(3c0s>6 — 1)
+ KanisoSin’@cos2¢] + %Q(m —1/2)[(3cos’0 — 1)

2

V,
+ nsin’Ocos2¢] + <—Q)(1 — ¢os?0)[(102m(m — 1)
32I)R

— 18I(I + 1) + 39)cos’0 (1 + 2ncos2¢)
— (6m(m — 1) = 2I(I + 1) + 3)(1 — 3ncos2¢)]

72I)R
+9—@B0m@m —1) —6I(I + 1) + 12)cos’6
— (Zm@m —1) = 31(I + 1) + 2)cos’2¢ (cos’d — 1)°]
“)

2.,2
+ <n UQ)[24m(m— 1) =4I+ 1)

where

Kiso = 3(Ki + K> + K3), Kaniso = 3 (K2 — K1),

Kaxial = é(2K3 - K| — K).

Here, K, K, and K3 are the three principal values of the
chemical shift tensor K. The polar and azimuthal angles, 6
and ¢, respectively, give the direction of the external magnetic
field with respect to the eigenframe of K. vg, vg and n are
the resonance frequency of the probed nucleus in the absence
of local electronic field in the solid, the quadrupolar splitting
frequency and the asymmetry parameter, respectively.

In figure 9, the theoretical lines are shown over the
experimental lines. In the case of Al, the resonance line can
be well fitted considering a single line, i.e. only one type of Al
site is present in the unit cell throughout the whole temperature
range. This indicates that all the Al atoms in the unit cell are
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Figure 8. Experimental >’ Al and > Nb NMR spectra at various
temperatures of BaAlysNbg 503.

in the same chemical environment and also experiencing the
same EFG from the surrounding ions. Whereas in the case of
Nb, it is seen that the experimental line can be well fitted only
by considering it as a superposition of three constituent lines,
namely lines 1, 2 and 3 with different hyperfine interaction
parameters. Such a consideration is necessary throughout the
whole temperature range as suggested by various researchers in
Nb-based complex perovskite oxides [27-29]. The constituent
lines are also shown in figure 9 together with the overall
theoretical line. Lines 2 and 3 have comparatively smaller
widths, indicating that the Nb atoms corresponding to these
lines are situated in a more ordered arrangement of the
surrounding atoms and hence experiencing less distribution of
EFG.

Figures 10 and 11 show the temperature dependence of
the hyperfine interaction parameters of 2’ Al and *Nb nuclei,
respectively. It is seen from figure 10 that 2’Al nuclei
experience a very small positive isotropic shift (Kj,) at 295 K
with zero anisotropy. The small value of Kjg, starts to
decrease continuously from 100 K and continues till 4 K,
whereas the anisotropic shift, which is almost zero in the
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Figure 9. 2’ Al and ®*Nb NMR spectra at some selected temperatures
in BaAly 5sNby 505. The solid lines represent the theoretical fittings
by equations (4). In the case of Nb, the broken lines represent the
three constituent lines required to fit the experimental data.

range 100-295 K, starts to increase continuously from around
50 K and continues till 4 K. Similar enhancement was also
observed in the behaviour of vg. Since the extent of the
change in these parameters is not appreciably large, they may
not indicate a long-range polar ordering near this temperature.
However, it could be a signature of the beginning of the small
asymmetric displacements of the surrounding atoms of the Al
nuclei, resulting in an enhancement of electric field gradient
and anisotropy in the chemical environment. Figure 11
shows the temperature dependence of the shift and quadrupolar
interaction parameters for three constituent lines required to fit
the experimental 93Nb resonance. In this case, for lines 2 and 3
having negligible chemical shift anisotropy, all the chemical
shift parameters together with the quadrupolar interaction
parameters remain temperature-independent, suggesting no
change in their chemical environment as well as the
symmetry of the surrounding atoms. However, for site 1,
with considerable chemical shift anisotropy, the temperature
dependence of the shift parameters resembles that of the
27Al resonance. The only difference is that the temperature
dependence of vq for this Nb line does not agree with that of
the Al resonance which showed an enhancement below 100 K.
Rather, it follows the same temperature-independent behaviour
as shown by sites 2 and 3 of the Nb resonance.
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Figure 10. Temperature dependences of chemical shift and
quadrupolar interaction parameters of 2’ Al nucleus in
BaAll/sz1/203.

4. Conclusions

The frequency-dependent dielectric relaxation of barium—
aluminium-niobate, BaAl; ,Nb;,O3 (BAN) ceramic, synthe-
sized by a solid state reaction technique is investigated in the
temperature range from 103 to 443 K by alternating-current
impedance spectroscopy. An analysis of the real and imaginary
parts of the electric modulus is performed using the Havriliak—
Negami expression.  The activation energy calculated from
frequency dependence of the imaginary part of the electric
modulus is found to be ~0.44 eV, which suggests that the
bulk conduction in BAN is due to small polaron hopping.
The scaling behaviour of the imaginary part of the electric
modulus (M") suggests that the relaxation describes the same
mechanism at various temperatures. The observed electrical
data are also analysed in the framework of the conductivity
formalism. The frequency-dependent conductivity spectra at
various temperatures follow the power law. A comparison
of the frequency-dependent spectra of the imaginary electric
modulus with imaginary impedance suggests that both long-
range and localized conduction are responsible for dielectric
relaxation in BAN. The electronic structure of BAN is studied
using x-ray photoemission spectroscopy (XPS). The total
and partial density of states (DOS) of BAN are calculated
by the first-principles full potential linearized augmented-
plane-wave method using density functional theory under the
generalized gradient approximation. The calculated DOS
data are convoluted to explain the observed XPS spectra.
The electronic structure calculation reveals that the electrical
properties of BAN are dominated by the interaction between
niobium and oxygen ions. The 2’Al and **Nb NMR studies
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Figure 11. Temperature dependences of chemical shift and
quadrupolar interaction parameters of **Nb nucleus in
BaAll/sz1/203.

of BAN are performed at 78 and 73 MHz, respectively, in
the temperature range 4-295 K to understand the transport
properties of charge carriers in terms of their dynamics on a
microscopic level. The description of the NMR lineshape is
given on the basis of analytical formulae. From the present
NMR investigations in a polycrystalline sample of BAN, it is
revealed that local environments of all the Al atoms are almost
identical at 295 K. However, the evolution of the spectral shape
with temperature suggests an enhancement of the EFG and
the chemical shift anisotropy parameter in the range 4-100 K,
retaining the equivalency of all the Al sites. The same is not
true for the Nb atoms, for which there are three types of sites in
the temperature range 4-295 K. The local environment of only
one type of Nb site is affected below 100 K, with the others
remaining unaltered. The NMR study confirms the chemical
ordering of 1:1 Al/Nb in BAN.
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