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Abstract

The crystal structure and dielectric properties of Nd2NiO4+d ceramics prepared by spark plasma sintering (SPS) process were characterized. The

crystal structure belonged to orthorhombic system with a space group of F mmm, and the excess oxygen content, d, was about 0.192. Temperature-

stable giant dielectric constants (e0 � 105) up to high frequency (5 MHz) over a wide temperature range (200–500 K) were observed in the present

ceramics. After comparing the activation energies of dielectric relaxation and electrical conduction, we found the giant dielectric response should

be mainly attributed to the adiabatic small polaronic hopping process, while the polaronic hopping process was closely related to the charge

ordering in the present ceramics.
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1. Introduction

Charge/spin ordering is one of the most interesting

phenomena in materials with strongly correlated electronic,

and some fascinating physical properties, such as, colossal

magnetoresistance and multiferroicity, are closely related to

these orderings [1,2]. Among these materials, the compounds

Ln2�xSrxNiO4+d (Ln =La and Nd) have been intensively

investigated because their structures are closely related to the

superconducting compounds La2�xSrxCuO4 (Refs. [3–6]). In

these compounds, the charge/spin orderings are observed over a

wide hole concentration region, 0.15 � nh = x + 2d � 0.5,

where, nh is the hole concentration, x is the strontium content,

and d is the excess oxygen concentration. This indicates the

excess oxygen plays the same role as that of substituted strontium

ion. Upon cooling down to the charge ordering temperature, the

holes will condense to form charge stripes. With further cooling

down to the spin ordering temperature, the ordered spins appear.

The ordered spins lay between the charge stripes, i.e., the charge

stripes act as walls of the local ordered spin domains. The stripe
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order is most stable at nh = 1/3, where the compound shows the

highest charge and spin ordering temperature [7].

On the other hand, the giant dielectric constants (e0 � 105)

up to high frequency have been discovered in Ln3/2Sr1/2NiO4

(Ln = La, Nd, and Sm) ceramics. The giant dielectric constant

should be mainly attributed to the adiabatic small polaronic

hopping process, and the polaronic hopping process is closely

related to the charge ordering in these materials [8,9].

Recently, the giant dielectric response up to high frequency

is also observed in the La2�xSrxNiO4 (x = 1/8, 1/3) single

crystal, and results also show the dielectric response is closely

related to the charge stripe ordering [10–12]. The giant

dielectric response up to high frequency response is the unique

characteristic of the nickelates with K2NiF4 structure, and this

may allow a potential application of these materials at high

frequencies. As shown in the previous work [3–6], the excess

oxygen also can induce the charge ordering in nickelates, so the

giant dielectric response should be observed in the compound

with excess oxygen if the correlation between the giant

dielectric response and charge ordering is definite. So in the

present work, we prepare an oxygen-excess compound

Nd2NiO4+d by spark plasma sintering (SPS), and the

correlation between the dielectric response and charge

ordering is confirmed.
d.
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2. Experimental procedure

Nd2NiO4+d powders were prepared by a solid-state reaction

with using Nd2O3 (99.9%), and NiO (99%) 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 8C for 3 h to yield desired

materials. The obtained powders were added into a graphite die

and sintered at 950 8C for 5 min under a vacuum of 6 Pa with a

SPS apparatus (SPS-1050, SPS Syntex Inc., Kanagawa, Japan).

During the period of heating and soaking, a pressure of 30 MPa

was applied on the sample. The heating rate was 100 8C/min

from room temperature to 900 8C and 25 8C/min from 900 8C
to 950 8C. Then the as-sintered samples were annealed in air at

600 8C for 2 h to remove the residual carbon on the surface of

samples, and relatively dense ceramics were obtained. The

crystalline phase was identified by powder X-ray diffraction

(XRD) using Cu Ka radiation (Rigaku D/max 2550 PC, Rigaku

Co., Tokyo, Japan). The XRD data for Rietveld refinement were

collected over a 2u range of 8–1308 with a step size of 0.028 and

a count of time of 1 s. The Rietveld refinement was performed

using the FULLPROF package, and a pseudo-Voigt profile

function with preferred orientation correction was used [13].

The bulk density was measured by Archimedes method. The

microstructures were observed from the fracture surfaces of

these ceramics with a field emission scanning electron

microscopy (SEM, S-4800, Hitachi Co., Tokyo, Japan). The

dielectric properties and impedance data of the ceramics were

evaluated with a broadband dielectric spectrometer (Turnkey

Concept 50, Novocontrol Technologies GmbH & Co. KG,

Hundsangen, Germany) in a broad range of temperature (128–

500 K) and frequency (1 Hz to 10 MHz) with a heating rate of

2 K/min, and the silver paste was adopted as electrode.

3. Results and discussion

The sintering behavior of Nd2NiO4+d ceramics during

spark plasma sintering process is shown in Fig. 1. A rather

large thermal expansion is observed at the temperature

ranges from room temperature to about 700 8C. The

shrinkage initiates at about 700 8C, and it persists in the
Fig. 1. Shrinkage curve and sample’s temperature as a function of sintering

time during spark plasma sintering process of Nd2NiO4+d ceramics. The inset is

the furnace chamber’s vacuum during the SPS process.
front of soaking period at 950 8C, then it disappears when the

soaking time goes beyond 2 min, suggesting that the

densification process is almost complete. The inset of

Fig. 1 shows the sintering time dependence of vacuum in the

furnace chamber, there is a sharp peak on the curve. The

peak temperature is about 900 8C. The sharp decrease of the

vacuum in the chamber indicates some gases emit from the

sample. The same sintering behavior has been observed in

the La1.75Ba0.25NiO4 ceramics, and this peak should be

attributed to the emission of the interstitial oxygen, which

has come from the air during the calcining process as pointed

by the previous work [14]. Although the oxygen in air may

infiltrate into the lattice to form interstitials again during the

post-annealing process as found by Takeda et al. [15], the

content of excess oxygen in the spark plasma sintered sample

is lower than that in conventional solid-state sintered sample.

This low content of excess oxygen is responsible for the

stable and creditable dielectric data of spark plasma sintered

sample.

Much work has shown that the crystal structure is sensitive to

the content of interstitial oxygen, and so the oxygen content could

be roughly determined by the structure data [5,6]. Fig. 2 shows

the XRD pattern of Nd2NiO4+d ceramics at room temperature and

the crystal structure is refined by Rietveld method. There are two

secondary phases, i.e., Nd2O3 and NiO, besides the main

Nd2NiO4+d phase, and the abundances of these two secondary

phases are 4.82(9) wt% and 1.99(17) wt%, respectively. The

reliabilities of refinement are shown as following: Rp(pro-

file) = 6.31%, Rwp(weighted profile) = 8.43%, and x2(goodness

of fitting) = 2.51. The space group of main Nd2NiO4+d phase is F

mmm (69), and the cell parameters are a = 5.3748(3) Å,

b = 5.4620(3) Å, and c = 12.3719(6) Å, respectively. This space

group implies high content of excess oxygen in the present

ceramics [6,15]. At final step of the Rietveld refinement, the

occupancy of apical oxygen is refined as 1.096(20), and this

means the content of excess oxygen, d in Nd2NiO4+d phase, is

about 0.192. This result is similar to that of the previous work [6],

and so the present result is reliable.
Fig. 2. Rietveld analysis results of XRD patterns for Nd2NiO4+d ceramics at

room temperature. Vertical marks show the positions of allowed Bragg reflec-

tions for Nd2NiO4+d, Nd2O3 and NiO from top to bottom, respectively. A

difference curve is plotted at the bottom of the patterns.



Fig. 3. SEM micrograph of the fracture surface for Nd2NiO4+d ceramics.
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Fig. 3 shows the micrograph of the fracture surface for

Nd2NiO4+d ceramics at room temperature. The relative dense

ceramics are obtained, and the bulk density of the present

ceramics is 7.13 g/cm3, which is about 95% of the theoretic

density estimated by the above XRD analysis. The grain size is

smaller than 1 mm, and its distribution is not so uniform.

The temperature-dependent of dielectric properties of the

present ceramics are shown in Fig. 4. The giant dielectric

constant, e0 � 105, over a wide temperature (200–500 K) and

frequency (10 kHz to 5 MHz) range is observed in the present

ceramics, and tan d is moderate at high frequency. Upon

cooling the temperature down to 150 K, a sharp decrease of

dielectric constant is observed, and the dropping temperature

increases with increasing the applied frequency. Also, a peak at
Fig. 4. Temperature dependence of (a) dielectric constant and (b) loss of

Nd2NiO4+d ceramics at various frequencies.
the corresponding temperature is appeared on the curve for the

temperature dependence of tan d. This is a typical of dielectric

relaxation, and it is the common feature of giant dielectric

constant materials [8–12]. According to the previous work

[4,7], the charge ordering temperature of Nd2NiO4.192 ceramics

is about 150 K, which is coincided with the temperature of

dielectric relaxation. This may indicate the correlation between

dielectric relaxation and charge ordering in the present

ceramics.

To deeply insight the low temperature dielectric relaxation,

the frequency dependence of dielectric constants at low

temperatures are shown in Fig. 5a. Dielectric constant varies

slightly at low frequency, and then it decreases sharply when

the frequency is beyond a critical frequency, and the critical

frequency increases with increasing the temperature. Then the

polydispersion Debye equation [16]

e� ¼ e0 � ie00 ¼ e1 þ
e0 � e1

1 þ ði$tÞ1�a
(1)

is used to fit the e0 � f curves (Fig. 5a). Where, e0 is the static

dielectric constant, e1 is the dielectric constant at very high

frequencies, v is the angular frequency, t is the mean relaxation

time and a represents the degree of the distribution of relaxation

time t. By fitting these curves, the relaxation times t at different

temperatures are obtained and plot as the function of the

reciprocal temperature. The variation of relaxation times with

temperature follows the Arrhenius law,

t ¼ t0 exp
Ea

kBT

� �
; (2)
Fig. 5. (a) Frequency dependence of dielectric constant for Nd2NiO4+d cera-

mics at various temperatures. The solid line is polydispersion Debye fitting. (b)

The Arrhenius fitting of relaxation times extracted from the Debye fitting.
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where t0 is the relaxation time at very high temperatures, Ea is

the activation energy, and kB is the Boltzmann constant. The

fitting parameters are obtained as Ea = 104 � 2 meV and

t0 = 1.41 � 10�10 s. The activation energy is almost same as

that of Sm1.5Sr0.5NiO4 ceramics [9], and this indicates the same

mechanism will be responsible for the dielectric relaxation in

these two materials. Combined the low activation energy

(�0.1 eV) of dielectric relaxation and the low activation fre-

quency (5 MHz), the dielectric relaxation should be attributed

to the polaronic hopping process [17].

To find out the origin of dielectric relaxation in the present

ceramics, the effect of electrode should be discussed firstly

[18,19]. As shown in the previous work [10,12,20], other

factors should be responsible to the giant dielectric response

although the interface effect of electrode is indeed existed in the

present ceramics. According to the previous work [8,9,20], the

dielectric relaxation is closely related to the electrical

conduction in nickelates. If one wants to analyse the conductive

mechanism, the contributions from bulk and grain boundary

should be separated firstly. The analysis of impedance spectra is

a good way to do this work. For a typical electroceramics, the

equivalent circuit consisting of two parallel RC elements

connected in series with one RC element, RgbCgb, representing

the grain boundary regions and the other one, RbCb,

representing the bulks, is usually used to fit the experiment

data [21]. Fig. 6a shows the frequency dependences of the

imaginary impedance at various temperatures. The above-

mentioned equivalent circuit is used to fit the experimental data,

and the fitting results are shown as the solid lines in Fig. 6a.

From this fitting, the electrical resistivities of bulk and grain
Fig. 6. (a) Variations of imaginary impedance Z00 with frequency at various

temperatures, and (b) thermally activated small polaronic hopping fitting of the

electrical resistances obtained from the impedance spectra of Nd2NiO4+d

ceramics.
boundary for the present ceramics at various temperatures are

obtained, and the results are shown as dots in Fig. 6b. As shown

in the previous work [3,8,9], the electrical conductive

mechanism should be the adiabatic small polaronic hopping

process. So, the experimental data are fitting by this

mechanism, and the results are shown as solid lines in

Fig. 6b. The variation of resistivities of the present ceramics

with temperatures indeed obeys the adiabatic small polaronic

hopping conductive mechanism in the considered temperature

range, and the activation energy of grain boundaries is

77.9 � 0.6 meV, while that of bulk is 123 � 1 meV. The

activation energy of bulk resistivities is just a bit larger than that

of dielectric relaxation, while that of grain boundary is smaller.

In the polaronic scenario [22], the activation energy required for

electrical conduction due to a hopping process of small

polarons is the sum of the hopping energy, which is equal to that

of the dielectric relation, and half of the potential difference

between a free polaron and a polaron bound to a trap. So the

activation energy of electrical conduction should be larger than

that of dielectric relaxation. Combined with results of the

previous work [8,9,20], we conclude the giant dielectric

response should be mainly attributed to the adiabatic small

polaronic hopping process in the present ceramics, and small

polarons are formed through holes (Ni3+) polarization due to

strong electron–phonon interactions in nickelates [8]. Actually,

a polaronic hopping model also has been proposed to reconcile

the debated views about the origin of the giant dielectric

response in CaCu3Ti4O12 materials [23]. Upon cooling down to

the charge ordering temperature (�150 K), the holes will

segregate to form the static charge stripes, and they will become

inactive with the high frequency external field due to the slow

dynamics of static stripes. This results in a degeneration of

dielectric response in the present ceramics as shown in Fig. 4.

4. Conclusion

An oxygen-excess compound Nd2NiO4.192 with minor

secondary phases has been prepared by spark plasma sintering.

The temperature-stable giant dielectric constant is discovered

in the present ceramics up to high frequencies (up to 5 MHz)

over a broad temperature range, and the present ceramics are

the promising candidates for high frequency applications. One

dielectric relaxation around the charge ordering temperature is

observed in the present ceramics, and the relaxation should be

attributed to the adiabatic small polaronic hopping process,

while the polaronic hopping process is closely related to the

stripe ordering. From this work, the correlation between the

giant dielectric response and charge ordering is confirmed in

the oxygen-excess nickelate compound.
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