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a b s t r a c t

The structures and dielectric properties of La1.75Sr0.25Ni1−xAlxO4 (x = 0, 0.3) ceramics were presented.
A single tetragonal phase was found in La1.75Sr0.25NiO4 ceramics, while minor secondary phases were
presented in La1.75Sr0.25Ni0.7Al0.3O4 ceramics. Giant dielectric response was found in these ceramics. The
dielectric constant was enhanced while the dielectric loss was suppressed by partially substituting nickel
eywords:
iant dielectric response

mpedance spectrum

with aluminum ions. After comparing the activation energies of dielectric relaxation and electrical resis-
tivity, we concluded that the overlapped low frequency dielectric relaxation was attributed to grain
boundaries, while the normal low-temperature relaxation was mainly attributed to the bulk factor, that
was, thermally activated small polaronic hopping in La1.75Sr0.25NiO4 ceramics. For La1.75Sr0.25Ni0.7Al0.3O4

ceramics, the low-temperature dielectric relaxation was also mainly attributed to the bulk factor. The
enhanced dielectric response should be benefited from the strengthened grain boundary layer capacitor

l0.3O4
effect in La1.75Sr0.25Ni0.7A

. Introduction

Materials with giant dielectric constant have been of interest
ince the discovery of CaCu3Ti4O12 (CCTO) for their potential appli-
ation in the microelectronics [1–16]. The common feature of these
aterials is a giant dielectric constant (ε′ > 104) over a wide range

f temperature, and a sharp decrease of permittivity with increas-
ng the frequency or decreasing the temperature to a critical point

ithout any detectable phase transition. Among these materials,
he nickelates with a K2NiF4 structure are highlighted for their
iant dielectric response up to high frequencies. This response
s observed even up to gigahertz at room temperature [13], and
his feature maybe allows a potential application of these materi-
ls at high frequencies. In our previous work, the giant dielectric
esponses up to high frequency are observed in the Ln2−xSrxNiO4
Ln = La, Nd, Sm, and x = 0.25, 0.5) ceramics [8–10]. The dielectric
onstant increases with increasing strontium content or decreas-
ng ionic radius of rare earth element, while the dielectric losses
re nearly unaffected. The best dielectric properties are obtained in
m1.5Sr0.5NiO4 ceramics, that is, the dielectric constant is about
00,000 at high frequency, and the dielectric loss is only about
.1. The valuable characteristic of this ceramics is that this giant

ielectric constant is stable over a wide temperature (200–500 K)
nd frequency (10 kHz to 5 MHz) range. We have proved the giant
ielectric response in these ceramics is attributed to the thermally
ctivated hopping of small polarons, and the significant decrease of

∗ Corresponding author. Tel.: +86 571 87951410; fax: +86 571 87951410.
E-mail address: xqliu@zju.edu.cn (X.Q. Liu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.07.163
ceramics.
© 2010 Elsevier B.V. All rights reserved.

dielectric constant under a critical temperature is readily explained
by the segregation of these polarons, which is due to the formation
of stripe charge ordering under the critical temperature. However,
the dielectric loss is not small enough to meet the requirement of
the practical application. So, the key challenge in these materials is
to suppress the dielectric loss without degrading the giant dielectric
constant.

The high dielectric loss is mainly attributed to the high electri-
cal conductivities of these materials, and the dielectric loss may be
suppressed by decreasing the electrical conductivity. The electri-
cal conductivity can be suppressed by the following two ways: (1)
decrease the content of strontium since the electrical conductivity
decreases with decreasing the strontium content [17] and (2) sub-
stitute Ni3+ by invariable trivalent ions, such as Al3+ ions, because
the major transport carriers are the holes in t2g orbits of Ni3+ ions in
these materials [18]. In the present work, we combine the above-
mentioned two ways to obtain the La1.75Sr0.25Ni0.7Al0.3O4 ceramics
with enhanced giant dielectric constant and suppressed dielectric
loss.

2. Experimental conditions

La1.75Sr0.25Ni1−xAlxO4 (x = 0, 0.3) powders were prepared by a solid-state reac-
tion with using La2O3 (99.99%), NiO (99%), Al2O3 (99.99%) and SrCO3 (99.9%) as
starting materials. The weighted raw materials were mixed by ball milling with
ZrO2 media in ethanol for 24 h, and then the dried mixtures were calcined at 1200 ◦C

for 3 h to yield desired materials. The calcined products were reground with 8 vol%
of polyvinyl alcohol (PVA) binder before being pressed uniaxially into pellets. The
pellets were sintered at 1425 and 1525 ◦C in air for 3 h to obtain desired and dense
ceramics for La1.75Sr0.25NiO4 and La1.75Sr0.25Ni0.7Al0.3O4, respectively. The crystalline
phases of sintered samples after crushing and grinding were identified by powder
X-ray diffraction (XRD) using Cu K� radiation (Rigaku D/max 2550 PC, Rigaku Co.,

dx.doi.org/10.1016/j.jallcom.2010.07.163
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 2
Fractional atomic coordinates and selected bond distances from X-ray powder
diffraction data of La1.75Sr0.25Ni1−xAlxO4 ceramics.

x = 0 x = 0.3

La/Sr x = y 0 0
z 0.36214(5) 0.36179(5)
B (Å2) 0.845(12) 1.000(14)

Ni/Al x = y = z 0 0
B (Å2) 1.329(35) 0.782(42)

O1 x = y 0 0
z 0.17692(41) 0.17082(44)
B (Å2) 1.045(99) 1.57(12)

O2 x = z 0 0
y 0.5 0.5
B (Å2) 1.09(11) 0.87(12)

T
E

ig. 1. Rietveld refined results of X-ray diffraction pattern for (a) La1.75Sr0.25NiO4

nd (b) La1.75Sr0.25Ni0.7Al0.3O4 ceramics at room temperature. The Bragg positions
f La1.75Sr0.25Ni0.7Al0.3O4 ceramics are belong to La1.75Sr0.25Ni0.7Al0.3O4, LaAlO3 and
a2O3 phases from top to bottom, respectively.

okyo, Japan). The XRD data for Rietveld refinement were collected over a 2� range of
–130◦ with a step size of 0.02◦ and a count of time of 1 s. The Rietveld refinement
as performed using the FULLPROF package, and a pseudo-Voigt profile function
ith preferred orientation correction was used [19,20]. The microstructures were

bserved from as-sintered surfaces of these ceramics with a field emission scanning
lectron microscopy (S-4800, Hitachi Co., Tokyo, Japan). The backscattered elec-
ron micrographs of as-sintered surfaces of La1.75Sr0.25Ni0.7Al0.3O4 ceramics were
bserved with a scanning electron microscopy (JSM-5610LV, JEOL, Tokyo, Japan)
quipped with an Oxford Link-Isis energy-dispersive X-ray analysis system (EDS).
he dielectric characteristics and ac conductivities of these ceramics were evaluated
ith a broadband dielectric spectrometer (Turnkey Concept 50, Novocontrol Tech-
ologies GmbH & Co. KG, Hundsangen, Germany) in a broad range of temperature
123–573 K) and frequency (1 Hz to 10 MHz) with a heating rate of 2 K/min, and the
ilver paste was adopted as electrodes.
. Results and discussion

Fig. 1 shows the Rietveld refined results for XRD patterns of
a1.75Sr0.25Ni1−xAlxO4 (x = 0, 0.3) ceramics at room temperature.

able 1
xperimental parameters for X-ray powder diffraction of La1.75Sr0.25Ni1−xAlxO4 ceramics.

x = 0

Unit cell (space group I 4/mmm) a = b = 3.83818(6) Å
c = 12.69572(21) Å

Cell volume 187.029(5) Å3

Number of reflections 142
Number of refined parameters 24
Half width parameters U = 0.0463(25), V = −0.0165(27), W = 0.

X = 0.00585(26)
Peak shape (Pseudo-Voigt), � 0.4194(126)
Zero-point, 2� (◦) −0.0238(11)
Preferred orientation [1 1 0] 1.0323(30)
Asymmetry parameter P1 = 0.0661(47), P2 = 0.0319(10)
Reliability factors Rp = 6.00, Rwp = 8.01, �2 = 2.29
Abundances of impurities –
2 × Ni–O1 (Å) 2.246(5) 2.164(5)
4 × Ni–O2 (Å) 1.919091(4) 1.918344(5)

For La1.75Sr0.25NiO4 ceramics, a single tetragonal phase is found
in the space group of I4/mmm. While for La1.75Sr0.25Ni0.7Al0.3O4
ceramics, besides the main tetragonal La1.75Sr0.25Ni0.7Al0.3O4
phase, minor impurities, LaAlO3 and La2O3 phases, are observed in
the XRD patterns. The abundances of these two secondary phases
are 6.84(10) wt% and 2.04(3) wt%, respectively. Since some impu-
rities are presented, we have tried to refine occupies of La/Sr and
Ni/Al ions for sample with x = 0.3, but no reasonable result can be
achieved. So we fix occupies of these ions as the expected ones. The
experimental parameters of XRD for La1.75Sr0.25Ni1−xAlxO4 (x = 0,
0.3) ceramics are shown in Table 1. The cell volume decreases with
partially substituting nickel by aluminum ions, and this should
be resulted from the smaller ionic radius of aluminum. The frac-
tional atomic coordinates and selected bond distances refined from
XRD data for La1.75Sr0.25Ni1−xAlxO4 (x = 0, 0.3) ceramics are also
shown in Table 2. The positions of La/Sr ions are nearly unchanged,
while the apical oxygen (O1) of Ni–O6 octahedron moves toward
nickel ion when the partial nickel is substituted by aluminum
ions. Although the lengths of Ni/Al–O1 and Ni/Al–O2 bonds both
decrease with increasing x, the magnitude of reduction for Ni/Al–O1
bond is larger than that of Ni/Al–O2 bond. This should be attributed
to the degradation of Jahn–Teller effect [18]. Fig. 2 shows the micro-
graphs of the as-sintered surfaces of La1.75Sr0.25Ni1−xAlxO4 (x = 0,
0.3) ceramics. Dense ceramics are obtained, and the grain size
increases with increasing the value of x. The distributions of grain
sizes are inhomogeneous in these ceramics. We have tried to use
the backscattered electron mode to identify impurities in ceramics

with x = 0.3 since two minor secondary phases are identified by XRD
pattern. Unfortunately, no contrast is detected in micrographs, and
EDS results show the chemical components at different grains are
nearly unchanged. This may be resulted from the following two rea-

x = 0.3

a = b = 3.83669(7) Å
c = 12.67155(26) Å
186.527(6) Å3

145
33

02307(68), U = 0.0673(41), V = −0.0201(40), W = 0.02739(96),
X = 0.00535(31)
0.4522(144)
−0.0252(14)
1.0397(32)
P1 = 0.0387(51), P2 = 0.0328(11)
Rp = 6.01, Rwp = 9.34, �2 = 3.30
LaAlO3: 6.84(10) wt%, La2O3: 2.04(3) wt%
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insulating secondary phases will enhance the electrical resistivity
ig. 2. SEM micrographs of as-sintered surfaces of La1.75Sr0.25Ni1−xAlxO4 ceramics
a) x = 0 and (b) x = 0.3.

ons: (1) there is small difference in chemical components between
he secondary and main phase, and (2) the minor secondary phase

ocates at grain boundaries instead of the grain interiors. For LaAlO3
hase, nickel and strontium can incorporate into the aluminum
nd lanthanum sites, respectively, and so, the chemical compo-
ents maybe are slightly different from those of the main phase.

Fig. 4. Temperature dependence of dielectric constant and loss for La1.75Sr0.25Ni1−xAlxO
Fig. 3. Frequency dependence of dielectric properties of La1.75Sr0.25NiO4 (�) and
La1.75Sr0.25Ni0.7Al0.3O4 (�) ceramics at room temperature.

As a result, no detectable contrast is found in the backscattered
electron micrographs. For La2O3 secondary phase, the possibility
of replacement of elements as in LaAlO3 phase is small, so we infer
this secondary phase should locate at the grain boundaries. These
of the grain boundaries for the present ceramics.
The dielectric properties of La1.75Sr0.25Ni1−xAlxO4 (x = 0, 0.3)

ceramics at room temperature are shown in Fig. 3. The dielec-
tric constant is enhanced by partially substituting nickel with

4 ceramics at various frequencies: (a) and (b) for x = 0, and (c) and (d) for x = 0.3.
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at very high frequencies, ω is the angular frequency, � is the mean
relaxation time and ˛ represents the degree of distribution of relax-
ation time �. By fitting the experimental data, we obtain the mean
relaxation times � at different temperatures, and plot � as a function
ig. 5. Temperature dependence of permittivity for La1.75Sr0.25Ni1−xAlxO4 ceramics a
or low-temperature dielectric relaxation in ceramics: (a) and (b) for x = 0, and (c) an

luminum ions, while the dielectric loss is suppressed at lower
requencies. At the frequency of 1 MHz, the dielectric constants
re about 25,000 and 45,000 for ceramics with x = 0 and 0.3,
espectively, and the dielectric losses are both about 0.2. Fig. 4
hows the temperature dependence of dielectric properties of
a1.75Sr0.25Ni1−xAlxO4 (x = 0, 0.3) ceramics. Multiple dielectric
elaxations are found in these ceramics. The low-temperature
ielectric relaxation is the onset of giant dielectric response
tep. The dielectric constant significantly increases when the
emperature is larger than a critical temperature, and the criti-
al temperature increases with increasing frequency. Noted this
ielectric relaxation is occurred around the charge-ordering tem-
erature for ceramics with x = 0, and this indicates the correlation
etween the dielectric relaxation and charge order–disorder tran-
ition [16]. At temperatures above 400 K, the dielectric constant
harply increases with increasing temperature, and the phenom-
na are more obvious at lower frequencies. An overlapped dielectric
elaxation around 150 K is observed at low frequency in ceram-
cs with x = 0, and this low frequency dielectric relaxation is more
learly shown in Fig. 5a. This dielectric relaxation is only existed at
ow frequencies and it will disappear at frequencies above 50 kHz.
fter plotting peak temperatures as functions of frequencies (as
hown in Fig. 5b), the Arrhenius fitting is carried out on these
oints, and an activation energy of 0.097 ± 0.002 eV is obtained
y this fitting. A very small f0 value of 15.1 MHz is also obtained,
nd this further confirms the overlapped dielectric relaxation is
nly existed at low frequency. For ceramics with x = 0.3, the tem-
erature dependence of imaginary dielectric constant is shown

n Fig. 5c. Again the Arrhenius fitting is carried out on the curve
f frequency dependence of peak temperature, and an activation
nergy of 0.148 ± 0.001 eV with a much larger f0 value of 1.62 GHz
s obtained. To get a deep insight into this dielectric relaxation in
he ceramics with x = 0.3, the frequency dependence of dielectric
onstants at various temperatures is plotted and shown in Fig. 6a.

he modified Debye equation is employed to fit the curve [21],

∗ = ε′ − iε′′ = ε∞ + (ε0 − ε∞)

[1 + (i��)1−˛]
(1)
ous frequencies, and frequency dependence of the peak temperature of permittivity
or x = 0.3. The squares are the experimental data and the line is the Arrhenius fitting.

where ε0 is static dielectric constant, ε∞ is the dielectric constant
Fig. 6. (a) Frequency dependence of dielectric constant for La1.75Sr0.25Ni0.7Al0.3O4

ceramics at various temperatures. The solid line is the modified Debye fitting. (b)
Temperature dependence of dielectric relaxation times for low-temperature dielec-
tric relaxation in the ceramics. The squares are the experimental data and the line
is the Arrhenius fitting.
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f reciprocal temperature as shown in Fig. 6b. The variation of relax-
tion times with temperatures obeys thermally activated Arrhenius
aw, and an activation energy of 0.151 ± 0.002 eV is resulted, which
s consistent with that obtained from the curve of temperature
ependence of imaginary dielectric constant.

To find out the origin of giant dielectric responses in the present
eramics, the impedance spectra are used to determine contri-
utions from bulk (grain interiors) and grain boundaries [22,23].
or a typical electroceramics, the equivalent circuit consisting of
wo parallel RC elements connected in series with one RC element,
gbCgb, representing grain boundary regions and the other one,
bCb, representing the bulk, is usually used to fit the experiment
ata. As pointed by Sinclair [22], the advantage of combined imagi-
ary electric modulus (M′′) and imaginary impedance (Z′′) plots is a
apid assessment of the values of R and C can be made from a visual
nspection of such plot. So in the present work, we use the com-
ined M′′ and Z′′ plots, and results are shown in Fig. 7 for ceramics
ith x = 0.3. There is only one peak at the Z′′ plot when the tem-
erature is higher than 200 K, which demonstrates the difference
etween values of Rgb and Rb is very large. There are two peaks in
he M′′ plot, which denotes the difference between values of Cgb
nd Cb is small. Meanwhile, we use the above-mentioned equiva-
ent circuit to fit the experiment data, and resulted parameters are
hown in Table 3. The values of R and C confirm the previous assess-
ents on the combined M′′ and Z′′ plots. The resistivity decreases
ith increasing temperature, while the Cgb value varies slightly

n the considered temperature range. The value of Cb increases
moothly first and then grows sharply when the temperature is
arger than 275 K. This temperature is consistent with that of the
nset of giant dielectric step. The same phenomenon is also found
n other Ln2−xSrxNiO4 ceramics, which indicates the same dielectric
elaxation mechanism should exist in the present ceramics, that is,
he thermally activated small polaronic hopping. For ceramics with
= 0, the above-mentioned equivalent circuit cannot fit the experi-
ental data well. So the least-mean-square analyses are employed

o determine resistivities of grain boundaries and bulk [24], and
esults are shown as dots in Fig. 8a. The difference between val-
es of Rgb and Rb for ceramic with x = 0.3 is larger than that for
= 0, which indicates the grain boundary layer capacitor (GBLC)
ffect plays a more important role in ceramics with x = 0.3 than
hat for x = 0 (Ref. [25]). In order to clearly illustrate the correlation
etween dielectric relaxation and small polaronic hopping conduc-
ion, the adiabatic small polaronic conductive mechanism is used
o fit resistivities obtained from impedance spectra [8,9,17], and
esults are shown as the solid lines in Fig. 8. The variations of resis-
ivities of these ceramics with temperature obey small polaronic
opping conductive mechanism in the considered temperature
ange. For ceramics with x = 0, an activation energy of grain bound-
ries is 0.088 ± 0.003 eV, and that of bulk is 0.037 ± 0.002 eV. The

ctivation energy of grain boundaries is similar to that of the over-
apped low frequency dielectric relaxation at low temperature.
ombining with the resulted small value of f0, we conclude the

ow frequency dielectric relaxation should be attributed to grain
oundaries effects, such as Maxwell–Wagner effect. The activa-

able 3
ummary of the electrical parameters corresponding to the equivalent circuit model used

Temperature (K) Rgb (	) Cgb (nF

135 540,680 ± 29,472 12.8
150 220,880 ± 4564 12.6
175 64,003 ± 630 12.59
200 24,557 ± 123 12.67
225 11,674 ± 51 12.77
250 6408 ± 29 12.92
275 3959 ± 21 13.17
300 2663 ± 17 13.5
325 1894 ± 15 14.0
Fig. 7. Variations of impedance Z′′ and modulus M′′ with frequency at different
temperatures for La1.75Sr0.25Ni0.7Al0.3O4 ceramics. The solid lines are fitted by the
equivalent circuit as shown as the insert.

tion energy of bulk is very small, and this value is almost same as
that of La1.15Gd0.85CuO4 phase at the low temperature (0.034 eV)
[26], which is interpreted as the dipole polarization associated
with 3D hopping motion of local charge centers. This also may be
the origin of giant dielectric response in the present ceramics. For
ceramics with x = 0.3, the activation energy of grain boundaries is
0.131 ± 0.001 eV, while that of bulk is 0.162 ± 0.002 eV. The activa-
tion energy of bulk is similar to that of low-temperature dielectric
relaxation. From these results, we confirm the giant dielectric
response is mainly attributed to the thermally activated small pola-
ronic hopping.

Now we return to discuss the discrepancy of dielectric prop-
erties for the La1.75Sr0.25NiO4 and La1.75Sr0.25Ni0.7Al0.3O4 ceramics.
The dielectric constant of La1.75Sr0.25NiO4 ceramics is about 25,000,
which is only about one third of that of La1.5Sr0.5NiO4 ceramics
[8]. As shown in the previous chapter, the giant dielectric response
in these ceramics is attributed to the thermally activated small
polaronic hopping, and so the dielectric constant should be direct

proportional to the concentration of small polarons. The concentra-
tion of small polarons decreases with decreasing strontium content,
and the dielectric constant degrades as a result. However, the
dielectric constant increases with increasing the x value, and this

in the fitting of the experimental data at different temperatures as shown in Fig. 7.

) Rb (	) Cb (nF)

± 0.3 2101 ± 49 0.038 ± 0.002
± 0.2 676 ± 9 0.067 ± 0.002
± 0.09 134 ± 1 0.084 ± 0.003
± 0.05 38.7 ± 0.2 0.18 ± 0.01
± 0.05 14.2 ± 0.1 0.23 ± 0.04
± 0.06 6.42 ± 0.09 0.61 ± 0.19
± 0.07 3.6 ± 0.1 5.1 ± 0.2
± 0.1 2.4 ± 0.2 12 ± 3
± 0.1 1.8 ± 0.1 15 ± 4



X.Q. Liu et al. / Journal of Alloys and Co

F
t
x

c
s
A
c
p
e
r
t
a
d

4

b
c

[
[
[

[

[

[
[

[
[
[
[

[21] K.S. Cole, R.H. Cole, J. Chem. Phys. 9 (1941) 341.
ig. 8. Thermally activated small polaronic hopping fitting of the electrical resis-
ances obtained from the impedance spectra of La1.75Sr0.25Ni1−xAlxO4 ceramics: (a)
= 0 and (b) x = 0.3.

annot be explained by the concentration change of small polarons
ince they should decrease with increasing aluminum content.
nother factor should affect dielectric properties of the present
eramics. As shown in the previous chapter, the GBLC effect will
lay a more important role in the present ceramics than the par-
nt compound, and so the enhanced dielectric response should be
esulted from the strengthened GBLC effect. On the other hand,
he decease of dielectric loss by partially substituting nickel with
luminum should be resulted from the decrease of electrical con-
uctivity as shown in Fig. 8.
. Conclusion

Dense La1.75Sr0.25Ni1−xAlxO4 (x = 0, 0.3) ceramics are prepared
y solid-state sintering. A single tetragonal phase is obtained for
eramics with x = 0, while two minor secondary phases accompa-

[
[
[
[
[

mpounds 507 (2010) 230–235 235

nying with the main tetragonal phase are found in ceramics with
x = 0.3. The dielectric constant increases from 25,000 to 45,000
when x value increases from 0 to 0.3, while the dielectric losses
are both about 0.2 at frequency of 1 MHz and room temperature.
There are multiple dielectric relaxations in the present ceramics,
and the low-temperature relaxation is the onset of giant dielectric
constant step. An overlapped low frequency dielectric relaxation is
found at low temperature for ceramics with x = 0. From the close
correlation between the activation energy of dielectric relaxation
and electrical conductivity, the overlapped low frequency dielectric
relaxation should be due to the grain boundaries effects, such as,
Maxwell–Wagner effect, while the normal low-temperature relax-
ation should be mainly attributed to the thermally activated small
polaronic hopping in these two ceramics. The enhanced dielectric
response should be benefited from the strengthened grain bound-
ary layer capacitor effect in La1.75Sr0.25Ni0.7Al0.3O4 ceramics.
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