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Abstract Using a diamond anvil cell, the variable-frequency alternating current impedance
spectroscopy of nanocrystalline BaTiO; has been measured under high pressure up to 35 GPa.
The grain and grain boundaries contribution to the total electrical transport properties are ex-
tracted. The grain boundaries show a major contribution to the total electrical transport prop-
erties in the high-pressure phases. The difference of the grain boundaries resistance magnitude
among three phases results from the phase transitions that leading to the rearrangement of
grain boundaries microstructure.
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1 Introduction

As an important ferroelectric material, BaTiO; (BTO) has been extensively investigated for more
than half a century and used in a variety of electronic applications, such as multilayer ceramic capacitors,
positive-temperature-coefficient resistors, and transducers?. With the demand of higher integration
and miniaturization in microelectronic devices, the grain size required for the BT O ceramic is down to the
order of submicrons, sometimes even nanometers. A strong size effect begins to appear at such small
scale that affects the physical properties of the material such as the structure, ferroelectricity and phase
transition. Size effect has become one of the most important topics in physics and materials science com-
munities.

Compared to bulk samples, nanocrystalline materials have large surface to volume ratios and fewer

© UEHHHI.2017-12-06
EEWE EHRBAR RSB (11604133,61775089) ; H R E A #F R 1R (2016 YFB0402105) ; ILRA H R BH¥E 4
(ZR2017QA013) 5 INZR 48 B 4 5K J0 %8 7= Ml Bk B 5 4 (SDKL.2016038) 5 8 B8 A4} [ 58 B i SR B =8 FF MO (o
PR 5201503,201612) s IR A 24 1 - BHBT IS 3 26 4 (318051612,318051610) 5 IR 4 %8 12 & % R BEIN
HESS®RD
BIRMEE  ERMGH DUG, L 3000, 0F50 5 1 5 R T SR A 45 W 5 B84 33 £ 5T, E-mail : wangqinglin@lcu, edu, cn,



w18 FZPHHE BIET S0 BaTiO; 45K & i iz 17 4 51

dislocations. There is lattice relaxation at grain boundaries which has a significant impact on the physical
and electronic properties of the material™®. It is therefore worthwhile exploring how the grain bounda-
ries particularly influence the electrical transport behavior of the material under high pressure. The
studies of the phase stability of nanocrystalline BTO under high pressure have attracted considerable at-
tention in recent years. The dielectric studies of BTO by Zhu et al. showed that at room temperature the
transition from the tetragonal ferroelectric phase to the cubic paraelectric should be observed at about
2.6 GPa and 2. 5 GPa for bulk and 60 nm crystallites, respectively™. However, using high pressure X-
ray powder diffraction method, Kumar et al. demonstrated that when the crystallite size decreases to 40
nm, the transition pressure increases to 4. 1 GPa and the cubic phase is stable up to 52 GPa for the 40
nm crystallites and at least to 36 GPa for bulk BTO"™ . When the crystallite size further decreases to 20
nm, the tetragonal phase does not transform to the cubic phase but to the orthorhombic phase at 10. 9
GPa and then to a new phase at about 19. 8 GPa®, Li et al. have studied different particles sizes of
nano-BTO ranging from 10-200 nm with energy dispersive X-ray diffraction technique at ambient tem-
perature and reported an increase in the phase transition pressure with decrease in grain size™. Han et
al. studied the temperature and pressure structural stability of 5 nm BTO particles and found two phase

[8]

transitions at 7.5 and 17. 3 GPa, respectively™. Zhang et al. reported a morphology-tuned structural

phase transition under high pressure in the horseshoe shaped BTO nanomaterials with an average diame-
ter of 264 nm, and found a phase transition from the tetragonal to the cubic phase at about 7. 7 GPa"™.

As mentioned above, the phase transition behaviors of nanocrystalline BTO and related mecha-
nisms have been gradually clarified under high pressure. However, the effect of grain boundaries on the
electrical transport properties of nanocrystalline BTO was scarcely tackled and this lack motivated the
present work: using the variable-frequency ac impedance spectroscopy in a diamond anvil cell (DAC),
we have undertaken experiments on nanocrystalline BTO under high pressure, aiming at disclosing the

grain boundary role in the total impedance, the conduction mechanism involved in the electrical transport

at the grain boundaries.

2 Experimental

A DAC was utilized to generate high pressure, and the anvil culet was 300 ym in diameter. Prein-
dented T301 stainless steel was used as the gasket, and a ruby with a size of 5 pm was placed in the cen-
ter of the sample chamber as the pressure calibrator. Two-electrode configuration was used for in situ e-
lectrical impedance spectroscopy measurement on DAC under high pressure. The manufacturing process

L] - Qolartron 1260 impedance ana-

of the microcircuit was similar to that described in previous works
lyzer equipped with Solatron 1296 dielectric interface was used to measure the impedance spectroscopy.
A 0.1 V sine signal was input into the sample and its frequency ranged from 0.1 Hz to 1 MHz. Indoor
conditions were controlled and maintained stable during all the measurements. The sample studied here

was brought from Aladdin Co. with a purity of 99.9%.

3 Results and discussions

Fig. 1 shows the impedance spectra (Nyquist plot) of nanocrystalline BTO at different pressures.
At low pressure region, the impedance spectra are composed of a well-defined semicircle at high frequen-
cy region and a straight line at low frequency region as shown in Fig. 1(a)-(d). The semicircle in the

high frequency region represents the charge carrier transportation in the bulk; the straight line in the
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(2] In the moderate pres-

low frequency region is due to the space charge depletion at grain boundaries
sure region (14,5 GPa-24, 2 GPa, Fig. 1(e) and 1(f)), the semicircle disappears indicating that the

grain boundaries resistance play a primary role in the total BTO impedance. When the pressure went up

to 25.7 GPa, as shown in Fig, 1(g) and 1(h), the impedance spectrum shows an oblatelike arc and the

size of the arc decreased with pressure increasing. We attribute the electrical conduction at this pressure

range to the grain boundaries contribution. We shall come back to this point later.
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Fig. 1 Impedance of nanocrystalline BaTiO; at different pressures
According to the report of Abrantes et al. ,[**? we replotted the impedance spectra into a Z'-(Z"/ f)
representations, as shown in Fig, 2. From the report of Abrantes et al. , we know that, in low frequen-

cy region (f< fyu)
Z =R, +Ry +(Z'/P fa> (D
where b and gb represent the bulk and grain boundary, respectively, f, is the electrode relaxation fre-
(2)

quency. In the moderate frequency region, f,<<f<f,, we have
Z'=R,+(Z"/ ) fa.

From Egs. (1) and (2) we obtained the bulk resistance and grain boundary resistance under high pres-
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sure, as shown in Fig. 3, and three distinct segments can be observed as marked I, II, and III. In seg-
ment (I), the bulk resistance decreased with increasing pressure but the grain boundary resistance in-
creased with pressure increasing which can be explained as follows: because of its small size and large
specific surface area for nanoparticles, the surface atoms make a large proportion in the total number of
atoms. The unsaturated coordinated surface atoms leave the original equilibrium position, resulting in
the number of unsaturated coordinated surface atoms and the surface energy increased and leading to the
ability of capturing carriers enhancing and the number of carriers that crossing the interface decreasing.

As a consequence, the grain boundary resistance increased with pressure increasing.

In segment (I ), the grain boundaries show a major con- I x 10"
tribution to the total conduction. The value of grain boundaries :§:é§ EEZ 0
resistance increased by one order of magnitude compared with > o
in segment ( I ) and decreased with pressure increasing. Ac- '\g 5% 10° o0 ;(:,A‘—/"’A
cording to the high-pressure Raman study of 20 nm nanocrys- N P
talline BTO, there is a phase transition from tetragonal phase 2108
to orthorhombic phase at 10, 9 GPal®™, Li et al. have studied 04 -
Tt
different particles sizes of nanocrystalline BTO ranging from 0 2><‘10“’XIO o

10-200 nm with energy dispersive X-ray diffraction technique at

ambient temperature and reported an increase in the phase
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Fig. 2 Z-Z" /f plots of nanocrystalline

BTO under high pressure, Inset: the

transition pressure with decrease in grain size!?. We hereby

speculate that a structural phase transition happened at 14. 5 enlargement of the left arc

GPa. The phase transition will generate new grain boundaries structure and that is the reason why the
grain boundaries resistance become larger. In this segment, the resistance of the material comes mainly
from the contribution of the grain boundaries, the grains become high-conductivity phase and yield a

large amount of carriers, resulting in the saturation of carrier capturing by grain boundaries. Therefore,

the grain boundaries resistance decreased with pressure increasing.

As mentioned above, in segment (), we 9% 10

AY

attribute the electrical conduction to the grain i:i: boundary

boundaries contribution. According to the for-
mula M * = jowC,Z* ™ (where w is the angular 8 % 1010

frequency 27 f, C, is the vacuum capacitance of

A\
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1\
\Y

the measuring cell and electrodes with an air gap

Resistance/ohm

in place of the sample, C, =¢,A/d, where g, is
e . . . 1 % 1010 -
the vacuum permittivity, A is the area and d is X
the thickness of the sample), the impedance data

can be analyzed much better by re-plotting them

in the modulus formalism, as shown in Fig. 4 15 35 40

(a). It shows two semicircular arcs with very Pressure/GFPa
small semi-circle at high frequency and large Fig 3 Pressure dependence of R, and R, of nanocrystalline BTO

semi-circular arc in the low frequency region, which represent the grain and grain boundaries contribu-
tion, respectively. A direct comparison of Z” and M” spectroscopic plots (Fig. 4(b)) shows two peaks in
M’ (the one at high [requency is not obvious), whereas in Z” only one, corresponding to the lower fre-

quency of the two M’ peaks, appears. This is because the impedance plots give most emphasis to those
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elements in the corresponding equivalent circuit with
the largest resistance, whereas modules plots
highlight those with the smallest capacitances™®.
Furthermore, the modulus spectrum shows a change
in the shape with rise in pressure suggesting a prob-
able change in the capacitance value of the material
as a function of pressure. It is worthwhile to note
that the grain boundaries resistance in this segment
is lower than in segment (I ) by about one order of
magnitude, which may be resulted from another
phase transition leading to new grain boundaries
structure appeared. The result is in consistent with
Ref[5]. that there is a phase transition from ortho-
rhombic phase to a new phase at about 19. 8 GPa.
The transition pressure in this work (25. 7 GPa) is

higher which can be caused by size effect.

4 Conclusions

In summary, we have conducted in-situ imped-

ance measurements on nanocrystalline BTO under
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Fig. 4 Complex modulus plot (M’ vs. M) at

different pressures and variation of M’ and Z’

with frequency at 35. 2 GPa

high pressure. The grain boundary effect was investigated for each phase. In segment ( | ), the bulk re-

sistance decreased with increasing pressure but the grain boundary resistance increased with pressure in-

creasing due to the decreased number of carriers that crossing the interface. In segment (][ ), the grain

boundaries show a major contribution to the total conduction. The grain boundaries resistance in seg-

ment (][ ) is lower than in segment (]I ) by about one order of magnitude, which may be resulted from

structural phase transition leading to rearrangement of grain boundaries microstructure. The study could

shed light on the grain boundary design and control in nano ceramics.
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The new Criteria for Determining Nonsingular H-tensors
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Abstract H-tensor is a newly developed concept in tensor analysis,and it is also an extension of M-

tensor. In recent years, H-tensor has applied many aspects of mathematics and physics. The definitions,

theorems and inferences used in this paper are given first,then the new criterion for the determination of

nonsingular H-tensors are given,and at last two numerical examples are given.
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