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Abstract:

Snr,LaTiO3 (SLTO) ceramics with colossal permittivity werebfecated by
conventional solid-state reaction method. The pdefects of pure STO and SLTO
ceramics were analyzed by Positron Annihilatioretithe Spectroscopy (PALS) and
Coincidence Doppler Broadening (CDB). The chargemmensation mechanisms and
dielectric properties of ceramics were investigatéde results indicated that the
intrinsic defects in pure STO ceramics were mailfyy. The charge compensation
mechanism of SLTO ceramics was predominantly foiomadf Vg,.. With increasing
La content,e; of SLTO ceramics increased up to ~70000 at roampé&zature. The
results of first-principle calculations indicatddht the colossal permittivity came from
a sharp polarization increase caused by dipolectsir@ of defects. tanof SLTO
ceramics showed obvious Debye relaxation at highpeFatures and the relaxation
showed a multiple relaxation times derived fromfeddnt kinds of polarization
mechanism. The main polarization mechanism of Sc&€amics gradually changed
from ion displacement polarization to defect dippl@arization influenced by the
concentration of La dopants.

Key words: La-doped SrTi@ microstructure, point defects, colossal permititiv



1. Introduction

Large numbers of dielectric materials have beenl tigeminiaturize electronics
even more, and they also have a lot of applicationBigh-energy-density storage
because of their excellent performance, colossanhittivity (CP, &>10%) as well as
very low dielectric loss. Thus, many researcheesséitl focusing on discovering new
dielectric materials with high-performance [1,2oWadays several mechanisms have
been proposed, which can cause high permittivit@][3esulting in the discovery of
new CP materials such as doped[iBaTiO; and SrTiQ (STO) dielectric ceramics.

However, the exact mechanisms and explanationgdoerating CP are still
unclear. Originally, it was thought that a new iiméic polarization mechanism caused
by electrical charge ordering and/or crystal sttetmight have relation with CP.
Then, lots of research works have shown that a -kweivn extrinsic
Maxwell-Wagner (MW) polarization, which is assoeit with inhomogeneous
electrical properties between grains and grain baties, can generate CP under
some circumstances [7-9].

For the origin of CP, there is another viewpoinbnsidered from the point
defects and the defect-dipole theory. Recently, ddual. [10] prepared (Nb+In)
co-doped TiQ rutile ceramics exhibiting CP (>10 and low dielectric loss
(mostly<0.05) largely independent on temperaturel &mequency over a wide
temperature range of 80-450 K. It was explained Mi®z* and If* substitutes Ti
sites and generated large defect-dipole clusteléchwcontained highly localized

electrons, leading to the outstanding dielectrmpprties of co-doped Tilceramics.



For Baodaposl103« materials, the origin of CP has also been expthibg the
interfacial polarization effect by mobile electronsthe grains and oxygen vacancies
(V) in the vicinity of grain boundaries [11]. Whileorf another important CP
candidate, STO, the origin of CP has been seldeestigated, and it is just explained
by the extrinsic Maxwell-Wagner interfacial polaion or the intrinsic polar order
induced in SrTi@Q ceramics [12,13]. But Wang et al. [14] pointed dbat for
SrTizr,0s ceramics sintered inANthe colossal permittivity (>fpand low dielectric
loss (<0.01) could be attributed to the existerfc&p-related giant defect dipoles and
caused by the localized hopping electrons.

STO is one kind of typical perovskite-structured®s having a wide band gap of
Eg~3.2 eV. In early studies, donor doping to the STicsites of STO-based ceramics
could lead to superconducting, high dielectric, ri@electric and other special
physical properties [15-17]. It has been proved Miazdoped STO ceramics sintered
in air usually have high dielectric loss [18,19]utBrecently Wang et al. [14,20]
reported that Sm- and Zr-doped STO ceramics sihieraitrogen atmosphere at high
temperatures revealed CP and very low dielectrss lover a temperature range of
25 °C~200 °C. Shen et al. [21] reported thap §Zex o7TiIO3 (Re=La, Sm, Gd, Er)
ceramics showed a high dielectric permittivity, @hiis about 10-15 times higher
than that of pure STO, while the dielectric losh sgmained lower than 0.03 at room
temperature. But explanations of these excitingnpheena were not given in the
article. The mechanisms for CP in STO based cerar still not fully understood.

Positron annihilation spectroscopy (PAS) providesoa-destructive method to



research the defect and electronic structuresarthring out unique information of
the materials such as the electron momentum disitoito, and defect status by using
positrons annihilation radiation in condensed mg@&]. Mackie et al. [23] studied
vacancies in STO single crystals by positron-afatiion lifetime spectroscopy
(PALS). The results showed that Sr vacancigs) (were predominantly in Nb-doped,
electron-irradiated and vacuum-annealed samples.uRdoped crystals, the point
defects were mainly Ti vacancieB;(). However, scholars have different points on
the defect structure of STO-based ceramics [24 &&d, further research is needed.
The development of PAS analysis technique gives usssibility to explain the origin
of CP from the point defect level.

In this paper, the point defects of, ra,TiO3 ceramics were studied by PAS, and
the chemical state of each element was analygetiray Photoelectron Spectroscopy
(XPS). Ab-initio modeling of defects was employed for proper ineadion of
experimental data. A comparative study on the digteproperties of SLTO ceramics
and pure STO ceramics was presented. The origi@Roivas discussed within the

defect chemistry theory from the point defect level

2. Experimental details

Ceramics of SrTi@ and Sy,LacTiO3 (x=0.05, 0.075, 0.10 and 0.125) were
prepared by the conventional solid-state reactia@thod. The raw materials were
reagent-grade SrGOTIO, and LaOz; powders. Firstly, these raw materials were

weighed in stoichiometric proportions and ball exllin ethanol for 12 h and zirconia



balls were used as grinding media. After dryingg tmixtures were calcined at
1300 °C for 4 h in air, and ball milled for 12 haag With polyvinyl alcohol (PVA)
as binder, the powders were granulated and pressedcylindrical pellets ¢12
mmx1.5 mm). To burn out the binder, the compactevireated at 500 °C for 2 h.
Then STO samples were sintered at 1300 °C, 140038Q0) °C and 1600 °C for 2 h
in air, while SLTO samples were only sintered &2@.6C for 2 h in air

X-ray diffraction (XRD) and scanning electron miscopy (SEM) were used for
analyzing the crystalline structure and microsuitetof the sintered samples. The
XRD studies were carried out on X'Pert PRO diffaameter (Panalytical). The SEM
observations were performed on Quanta 600 scamtéatyon microscope (FEI).

For investigation of point defects, two complement®A techniques were
employed: (i) PALS which enables identification pdint defects and determinate
their concentrations [26-29] and (ii) coincidenceppler broadening (CDB) which
provides information about local chemical enviromineof defects [30]. PAS
measurements use’@Na positron source deposited on au# thick Mylar foil, and
the activity is<1 MBq. The positron source was always sealed betwee pieces of
the sample.

A digital spectrometer described in Ref. [31] waspéoyed for PALS
measurements. Time resolution (full width at hadiximum of the resolution function)
of the spectrometer is 145 ps. By using a maximiglithood program, the positron
lifetime spectra, containing at least’ ®sitron annihilation events, were decomposed

[32]. Based on contribution to positron lifetimeesfra, the source consisted of two



components whose lifetime is 1.5 ns and 368 psrelative intensity is 1% and 7%,
representing contributions of positrons annihilgtin the covering Mylar foil and
inside the?”Na source spot, respectively.

The CDB studies were carried out using a digitalBCBpectrometer [33]
equipped with two high-purity Ge detectors and ahwrized by the energy
resolution of 0.9 keV at the annihilation line dfl5keV and the peak-to-background
ratio higher than 10 At least 16 annihilations were collected in each
two-dimensional CDB spectrum. Subsequently, the GipBctra were reduced into
one-dimensional cuts representing the resolutioetfan of the spectrometer and the
Doppler broadened annihilation peak. Normalized @ep broadened peaks were
divided by the normalized peak for a well-anneadack Ti reference sample.

The valence states of elements were detected by &S spectrometer
AXIS-ULTRA DLD (Kratos). For the dielectric measunents, the sintered ceramic
samples were polished. Then the silver electrodere \painted on both sides of the
polished ceramic samples, and heated at 500 °C5anin. The dielectric properties
were evaluated with a precision impedance analE380A (Agilent) in a wide

temperature range (25-400 °C) and frequency ranfgimg 100 Hz to 1 MHz.

3. Ab-initio calculations
Positron lifetimes were calculated using densityctional theory (DFT) within
so-called standard scheme [34]. In this approxiomagiositron density is assumed to

be everywhere vanishingly small and not affecting bulk electronic structure. At



first electron density(r) in the material is solved without the positronbSequently,
the effective potential for positron is constructed

Vi(r) = ¢(r) + Veorr [n(r), Vn(r)] 1)
where ¢(r) is the Coulomb potential produced by the chaig&idution of electrons
and nuclei andVqr is the zero positron density limit of the electmositron
correlation potential [34].

The ground state positron wave functigi(r) was calculated by solution of a

single particle Schrodinger equation

— VL) + V(W) = B () )
whereE. is the positron ground state energy. The posilifetime was determined
from the expression

T =nric [ Yo (r) n(m)y[n(r), Vn(r)ldr 3)
wherer, is the classical electron radius,is the speed of light, angd denotes the
electron enhancement factor accounting for theypl®f electrons at the positron site
[34].

The electron-positron correlation, i.e. the comieta potential Vo and the
enhancement factgr were treated using two approaches:

() local density approximation (LDA) utilizing thearametrization by Borski
and Nieminen [35] and taking into account incomplebsitron screening [36]. In this
approachvqor andydepends only on the local electron density aptigtron site.

(ii) generalized gradient approximation (GGA) usthg approach introduced by

Barbiellini et al. [37]. Within this approacti.or and y depends not only on the local



electron density but also on its gradient.

The electron densitg(r) was constructed by superposition of atomic ebedtr
densities calculated by a relativistic atomic c¢8@]. This approach called atomic
superposition neglects the charge transfer, bist computationally feasible and can
be used even for very large supercells retainidg3D geometry of the problem
[39].

The momentum distribution of annihilating electjoositron pairs was
calculated using the approach described in Ref8,4]4. The electron-positron
correlations were treated with the GGA approache Tbntributiond™(p) from the
i-th atom and a shell characterized by principal arital quantum numbersl was
calculated by the formula

pt ™ (p) = 4m*rFeN ™My ™| [ RL(RE™ () By (pr)rdr|? (4)
whereN"" denotes the number of electrons in thd)(shell,B; is the spherical Bessel
function and the symbolgi® and R.(r) denote the electron and positron radial
wave functions. The symbgt” stands for the state-dependent positron enhan¢emen
factor [41]. The momentum distribution of the anlaiting electron-positron pairs is
obtained by summing the partial contributigé'(p) over all occupied atomic sites
and corresponding electron shells. Since corerelestiocalized in atomic shells are
practically not affected by crystal bonding andamettheir atomic character the
present approach describes well the high momentam of the momentum
distribution where the contribution of positronsndmlated by core electrons

dominates.



In order to mimic the effect of the finite resoturtiof the experimental setup, the
theoretical momentum distribution curves were cdmenl with a Gaussian with
FWHM of 4.0x1G mec. The calculated momentum distributions are preskas ratio
curves related to momentum distribution calculdtedh perfect Al crystal.

The ab-inito calculations of positron lifetimes and momenturstribbutions of
annihilating electron-positron pairs were perforniedthe perovskite STO structure
with the lattice parametes=3.905 A. Lattice defects were modeled usinghd
320-atom based supercells. Substitutional La defeetre created by replacing
corresponding number of Sr ions by La ones. Vaeanaiere formed by removing
corresponding atoms from the supercell.

First-principle calculations were undertaken alsdnvestigate the polarization
strength and the formation energy of La substitutiefects in STO. The latter was
calculated by the following formula:

Er = Ea—srrios) — E(srrios) — Mhra + sy %)
whereEsrmios) andE a-srrioz) represent the total energies of a pure STO sulpewe:
a supercell of the same size containiniga atoms substituting Sr ones. The symbols
LLa andus, represent the chemical potential of La and Sreftakom the total energies
of bulk metals). The calculations were performed dulopting the spin-polarized
density function theory (DFT) methaglhich considered spin-orbit interactions, as
implemented in the Vienna ab-initio simulation pag& (VASP). The ion-electron
interactions were calculated by the projector auget plane-wave (PAW) method.

The electronic exchange-correlation potential waslcutated by the

10



Perdew-Burke-Ernzerhof (PBE) formula of generalizgchdient approximation
(GGA). The Brillouin zone integration was carrieat by 2x2x2 k-mesh based on the
Monkhorst-Pack scheme. The cutoff energy for tre@lwave basis expansion was
set as 400 eV. The convergence criterion for th& tnergy calculations was set as
1x10° eV. All the atoms were fully relaxed until the deron every atom was smaller
than 0.02 eV/A.

Fig. 1 shows the lattice structure of STO. ThemI85 atoms in (83X 3) STO
supercell used in the calculations of polarizat@o defect formation energies. La
doped STO was modeled by substituting of two Smatdy two La atoms which
corresponds to the composition §d-ap 074T103. The second substituted Sr atom can
be at the nearest-neighbor, second nearest-neigirimbrlarger distance positions,
which are denoted as 1, 2 and 3, as shown in thaefi Corresponding defect

structures are denoted (0,1), (0,2) and (0,3).

4. Results and discussion
4.1. Microstructureof STO and SLTO ceramics

The XRD patterns of STO and SLTO ceramics sintette@il600 °C for 2 h are
shown in Fig. 2. Fig. 2(a) indicates that STO ahd( ceramics consist of single
phase with cubic perovskite structure, which befotogthePn3m space group. Thus
La®" ions incorporated into the SrTi®attice. Details of the (111) diffraction peak are
shown in Fig. 2(b). With La content increasing, id1) peak shifts to a larger

scattering angles with a step to the opposite tiiimeevhenx = 0.1.
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The lattice parameters)(and cell volumes (V) obtained by the least square
fitting of XRD patterns are shown in Table 1. Tmeoerange fora is -0.0003~0.0002
A. As La doping content increases, the lattice patar decreases from 3.9080 to
3.9028 A. Because La ionic radius (0.106 nm) islemthan Sr ions (0.112 nm), the
lattice shrinks when La take the place of Sr. Thgoal and bulk densities are
collected in Table 1 as well. The error range falklglensity is -0.02~0.01 g/¢mThe
relative densities of STO and SLTO ceramics sigtetel600 °C are all above 93%.

SEM images of STO and SLTO ceramics are showngn3:iThe microstructure
of the samples is homogeneous and grains packedlgldHowever, there are some
visible small pores which in accordance with dgnsit the samples slightly lower
than the theoretical density. And the grain siz8I0FO samples is remarkable smaller
than that of STO samples. Hence, some of La adddém suppress the grain growth

of SrTiO; during sintering. With La doping content increasithe grains grow larger.

4.2. Point defects

Trivalent La ions substituted divalent Sr sitesrgaxcess positive charges, to
maintain electric neutrality, there are two difigrevays: one is by the formation of
conducting electrons whose concentration is equé#hdt of the donor ions (electron
compensation mechanism), and the other one is éyfatmation ofVg,. or V7
(vacancy compensation mechanism). Besides, for remrustituted SrTig) after

sintering in reducing atmospheres, the titaniunened will change from i to Ti**

to ensure electrical neutrality [42]. Since thé" Toncentration equals to the charge

12



carrier density, this charge compensation methodaliso called electronic
compensation [43], which leads to samples become-senductive. According to
Kroger and Vink [44], the charge compensation meismas of L&" doped SrTiQ

can be expressed as the following formulas:

La,05 + 2SrTi0; - 2Lag, + 2e + 90% + 2Tif; (6)
La,05 + 3SrTiO; > 2Lag, + Vs, + 120% + 3Ti¥; (7
2Lay03 + 4SrTi03 —» 4Lag, + Vy; + 1803 + 3Ti7; (8)

To make deeper study on the compensation mechaniST® and SLTO
ceramics were investigated by PAS. Before SLTO m@® can be discussed, the

intrinsic defect structure of pure STO ceramicsusthde fully understood.

4.2.1 Results of positron lifetimes by ab-initio calculations

Table 2 collects the results aib-initio calculations of positron annihilation
lifetimes for various positron states in STO latidhe calculated positron lifetimes
depend on the approach used for the electron-pastinrrelation. The bulk positron
lifetime 5, i.e. the lifetime of free positron delocalizedarperfect (defect-free) STO
lattice calculated within the LDA and GGA approasii31 and 151 ps, respectively.
These values are in excellent agreement with teerties calculated using the similar
approach in Ref. [21]. The experimental bulk pasitlifetime measured on Nb-doped
STO single crystal wag=141(1) ps [45]. This value falls into the rangdimed by
LDA and GGA calculations.

It is known that the LDA approximation usually $lity overestimates the

13



positron annihilation rate and the calculated ilifets are therefore slightly shorter
than the experimental values while the lifetimelswated by the GGA approach are
often slightly higher than in the experiment [4@]deed, from inspection of Table 2 it
is clear that lifetimes calculated using the LDApeagach are lower than those
obtained within the GGA scheme. Hence, the resalisulated by the LDA and GGA
approaches define the interval into which the dctifatimes should fall. The
differences between various approaches to theretepbsitron correlation are to a
large extent cancelled using ratios of the caledldifetimes to the bulk lifetimeg
calculated within the same scheme [37,39]. Hermee;omparison of experimental
data withab-inito calculations we always use ratio of the calculdifedime to the
bulk lifetime calculated with the same scheme, 7./.85 pa and 7/75 cea Multiplied
by the experimental bulk lifetim&=141 ps. The lifetimes obtained in this way are
listed in the last two columns of Table 2 and adeed similar for both approaches.
Theab-inito calculations revealed thdf, is only a shallow positron trap unable
to fully confine positron. This is demonstrateddajculated positron lifetime which is
only a few ps longer than the bulk lifetime andoals/ negligible positron binding
energy. On the other hand, cation vacancigs énd ;") represent deep positron
traps. Although isolated’, does no trap positrond}, associated with a cation
vacancy forminyg,+V, or V;/+V, complex causes a considerable increase in the
lifetime of trapped positron. Hence, although isedal, is not detectable by

positrons, it can be seen when it forms complek aitation vacancy.

More complex point defects were considered in @deuwations as well, seen in
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Fig. 4. Namely Shottky defecV{.+V;;+3V;) maintaining the electrical neutrality
and partial Shottky defectg;'+2V, and Vg,.+V, which are electrically neutral as
well. The lifetimes of positrons trapped at theséedts reflect the net open volume
available in each defect, i.e. the longest posilifetime was obtained for the Shottky
defect Vg, +Vy; +3V,;.

To examine the effect of La substitution, we coesd Vg, with two
neighboring Sr ions replaced by Uaaf, +Vg,+Lag,) and Vy with four neighboring
Sr ions replaced by LalLds,+Lag,+Vy; +Lag,+Lag,). One can see in Table 2 that

substitution of Sr ions by La has only a minor imipan lifetimes of trapped

positrons.

4.2.2 PAL Sinvestigations of STO ceramics

Two exponential components well describes the pmsiifetime spectra of STO
samples sintered at different temperatures, wighinnesz;, 7, and normalized relative
intensitiesly, 1, (11+1,=100%). The development of lifetimes of both conmgrus is
plotted in Fig. 5 as a function of the sinteringnperature. Both the lifetimes andz,
measured in STO ceramic samples are significamnglyen thancs. It indicates that the
defect density in STO ceramic samples is very hagd almost all positrons are
trapped at defects (so called saturated positrapping). Type of defects in STO
ceramics can be identified from comparison of thigeeimental data with theoretical
calculations in Table 2. A dominating contributiohpositrons trapped i¥y;" is the

shorter component whose lifetimeris180 ps. The longer component whose lifetime
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is 75=300 ps represents a contribution of positrons w&dpat larger point defects
making up of several vacancies. The most probadhelidates for these defects are
Shottky defectslVg,+Vy;'+3V, characterized by the calculated lifetime in thegeof
295-306 ps.

With increasing sintering temperature; gradually decreases towards the
lifetime for Vg, and this is accompanied by a decreade. iHence, the open volume
of defects responsible for the componenbecomes smaller and their concentration
decreases. It indicates filling df, by oxygen diffusing into the sample during

sintering in air and decomposition of Shottky dé&feo V;; and Vg,.

4.2.3 PALSinvestigationsof SLTO ceramics

The results of PALS investigations for La-doped S$@mples sintered at
1600 °C are plotted in Fig. 6. The PALS spectraSaffTO ceramics again are
composed by two components with lifetimgesandz,. The contribution of positrons
trapped atVy;" is the shorter component whose lifetime;=180 ps, and the longer
component represents Shottky defects whose lifetemg=300 ps. With increasing
content of La dopants, the intensityhas a sharply increase. While wher 0.05,
the lifetimer, decreases gradually towards the valu&/§f

These results demonstrate that the numbe¥gofincreases with increasing La
content. In SLTO ceramicgg, is the major defects, while the main defect in STO
samples isVy;’. The positive charge ofag, ions in SLTO need to be compensated,

so V. created and the concentration increases strohtgnce, the PALS results

16



indicate that the vacancy compensation mechaniseritbed by Eq. (7) is dominating
in SLTO samples. La doping introduc&g,., and it can couple witlLag, to form
electrically neutral defectéag, +V,.+Lag,. AS one can see in Table 2, tWag, ions
in the neighboring sites dfg,. have little influence on the lifetime of positrons

trapped inV,..

4.2.4 CDB investigations

The momenta information of electrons which anntkiiapositrons is included in
the annihilation radiation, whose Doppler broadgnoan extract this information.
The result of Doppler measurement gives the onexdgional momentum
distribution of the annihilating electron-positrguairs. In this electron-positron
momentum distribution, the chemical environment rehitde annihilation event took
place is characterized by the high-momentum p#&it [4

Fig. 7 shows the calculated CDB ratio curves fpegect STO crystal and pure
elements Sr, Ti, O and La. There are two charatiefeatures for the ratio curve of a
perfect STO crystal: a peak pt~ 10x10° mgc, which primarily from positron
annihilations with 2p electrons of O but also corftem electrons belonging to Ti, Sr
and La, and a broad peakpat 40x10° mgc, coming from positrons annihilated in the
vicinity of Ti ions.

The experimental CDB ratio curves with pure Al a&ference for STO and
SLTO ceramics sintered at 1600 °C are given in §jgand the ratio curves for pure

Ti and ALO; standards are also plotted. Since pure Al is éference, the shape of
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the ratio curve for O can be estimated by the rative for AbO3;. Comparing Fig. 7
with Fig. 8, results of the calculated CDB rationas for Ti, O and STO are
consistent with experiment qualitatively.

The shapes of CDB ratio curves for SLTO ceramicsimsilar with the STO
sample, shown in Fig. 8, but the pealpat 10x10° mec is lower, indicating smaller
contribution of positrons annihilated in the vigynof O.

Fig. 9 shows the calculated CDB ratio curves farouss defects in STO lattice.
Since Ti ions are located in the center of oxygetatedrons in STO latticd/y;" is
surrounded by 6 oxygen ions and the O ions lodatieeadistance/2 (a is the lattice
parameter). Hence, positrons trapped/gt are mainly annihilated by O electrons,
which is reflected by an evident peakpat 10x10° mqc in the calculated CDB ratio
curve for V7", see Fig. 9V, is also surrounded by O anions, but the distaneé]
is longer. Consequently, the peakpat 10x10° moc is lower for V.. Note that the
CDB ratio curve forLag,+Vg,.+Lag, is almost the same as that fidf,.. For positrons
trapped in Shottky defects, the contribution ofifpoas annihilated by O electrons is
even lower than that foVg, since Shottky defect contairig,. As a result, the CDB
ratio curve calculated for Shottky defect exhiltiits lowest peak gt~ 10x10° moc.

Hence, the CDB results indicate thiadt/ is the predominantly defects in STO
ceramics. When [*ion took place with $f ion in the STO lattice}/s. is generated,
and form Lag,+Vg.+Lag, defect dipole structure. So it proves that in Sld&amics
the vacancy compensation mechanism in equatiors (@)edominant, in accordance

with the PALS results.
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4.2.5 XPS characterizations

There is another possible charge compensation mischahat Tf* reduced to
Ti** (Ti* e) because of trivalent Baions displaced Ti sites carrying excess negative
charges [47]. To examine this, the effect of Laidgpn the chemical structure of
STO need to be evaluated using XPS. In XPS spélarabinding energies were
calibrated by carbon (Csl= 284.6 eV). The full XPS spectra for STO and SLTO
ceramics are shown in Fig. 10. The SySr J, Sr 3, Sr &, Ti 2s, Ti 2p, Ti 3s, O
KLL, O 1sand O 2 peaks can be observed clearly.

Fig. 11 gives the XPS spectra of La element for Gldamples. The binding
energy of La 8s/, and La 8, yields two peaks at 831.7 eV, 835.8 eV, 848.6 r¥Y a
852.5 eV. This indicates that the oxidation stdtkaois 3+, and La atoms exist in two
different compounds, which confirms that La atonaveh entered into the SrTiO
lattice.

Fig. 12 gives the XPS spectra of Ti and Sr elemEamtSTO and SLTO samples.
For SLTO ceramics the binding energies of ps2and Ti 2, are 458.81 eV and
464.61 eV, respectively corresponding to Ti withoaidation state of 4+. The binding
energy positions of Srdg, and Sr 8z, are 130.06 eV and 131.66 eV respectively,
similar to that of Sr in SEH48,49]. Here, the component corresponda-r atoms
having an oxidation state of 2+ in,Slta,TiO3 structure.

Besides, the positions of Tpand Sr 8 shift to a higher binding energy of ~0.4

eV after doping La, due to the Fermi level becotigher in SLTO ceramics [50].
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The binding energies of Tip2and Sr 8 core levels for STO and §g7d-a9.1251103
ceramics are shown in Table 3. For STO and SLT@ro®s, the binding energy
difference between Tif,, and Ti D32 (AE-Ti 2p) are 5.76 eV, 5.80 eV, respectively,
and the binding energy difference between &y,&nd Sr 83, (AE-Sr 3i) are both
1.60 eV, in agreement with the results of literat{1]. There is no evidence thaf™Ti
is reduced to T, so the transformation from“fito Ti** because of L-doping does
not happen in SLTO ceramics. Hence, the XPS resnilate that the charge
compensation in SLTO ceramics should be attribwtethe formation ofV,., and

La®>* doping increases the Fermi level.

4.3. Dielectric properties of STO and SLTO ceramics

The temperature dependence of the relative pewtytt{e;) and the dielectric
loss (tad) under 1 kHz for STO and SLTO ceramics are shawhig. 13. It can be
seen that; increases with increasing temperature, particulafier the temperature
rising above 300 °E; increases sharply for thepgfd-ap 1251103 sample.

At room temperature the dielectric properties afep8TO are, = 300 and tahi=
0.01, consistent with the literature [52]. For SLT&@ramicse, increases with
increasing La content. When La doping content 0.125,¢; increased to 70000,
which is 200 times higher than that of STO. Hertbe, Sps7d-a0.125Ti0O3 sample
exhibits CP at room temperature. It is reasonablassume that the origin of CP is
closely related to the point defects structurelif.

Table 4 compares the room-temperature dielectdpeaties of Sygzd-ap 1251103
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ceramics with the results of other high-permityivditompounds [1, 8, 10-12, 54].
These compounds all show unusual colossal dietectmstant. The highest value of
~800,000 was obtained for Balay0sT103x, as well as the highest dielectric loss of
~0.7. CaCuyli4012 ceramics show the best combination of highvith relative low
tary. However, the research work of intrinsic mechasigor these compounds with
colossal dielectric constant is still underway.

The defect formation energies and polarization esltor La-doped STO and
La-doped STO with Sr vacancy are calculatedbynitio method, and the results are
given in Table 5. The most energetically favoratbafiguration is the defect with
structure (0,1) formed by two La atoms substitute nearest Sr atoms. This
structure is more stable by about 0.06 eV tharother two structures. For La-doped
STO and La-doped STO with., the calculated polarization value is Ju@/cnt,
42.6 pClent, respectively. Thus it is concluded that a shampréasement in
polarization strength arises from the generationV{f leading to CP in SLTO
ceramics.

As discussed before, tareplacing St sites carry excess positive charges and
Vg, formation is the predominant compensation mechan@s maintain the electric
neutrality. The generation dfy. makes Ti-O octahedrons distort, and" Blightly
deviates from the center position of the octahedfidnis small displacement causes
the dipole to reorient, contributing to the CP oIS ceramics [53]. In addition, the
Lag,+Vg,.+Lag, and Schottky defects will form defect dipoles witlj, which may

exist in SLTO but cannot be detected by PALS, evtmteng the distortion of Ti-O
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octahedrons and thus further improve the dieleptoperties.

Fig. 14 shows the temperature dependencg ahd tag for STO and SLTO
ceramics under certain frequencies (100 Hz, 1 WAZHz, 100 kHz and 1 MHz). As
test frequency increases, the of all samples decreases, owing to the interface
polarization relaxation and dipole orientation paation relaxation. For STO
ceramics, when the test temperature is lower 16@h&G; increases gradually and
then increases rapidly with temperature increagunper. Thee, for Siy.gdap osT103
sample has a similar tendency with STO ceramics.tal® of STO ceramics shows a
broad peak exhibiting frequency dispersion. For Glderamics, wher>0.05, thes;
increases slowly as temperature increases. Thectliel loss peaks broaden with
increasing La content.

From Fig. 14 we can see that, the test frequenuoyeréss 100 Hz-1 MHz, i.e. the
time range of 18-10° s, which corresponds to the response time of ipele
orientation polarization. Based on the above aimlg$é defect types and charge
compensation mechanisms, *Ladoping generated.a;, +V{.+Lag, and Schottky
point defects in STO. Cation vacanci®g,.( V7;") and V;, form defect dipoles with
different response times. Thus with increasing datent, the concentration of defect
dipoles increases and the relaxation phenomenamnieEsmore and more obvious.

Fig. 15 shows the frequency dependence;odind taa for STO and SLTO
ceramics at different temperatures. For all samplesiecreases rapidly as the
frequency increases. When the frequency increa@sascertain valuér, ¢ becomes

independent on temperature. The valuefofis related with La doping content.
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Dielectric loss peaks are clearly visible and digph dispersion that shifts to high
frequency, exhibiting typical Debye relaxation baba

The test data of STO and SLTO ceramics were fite@quation (9) [55-56] to
calculate the value of (0<f<1), which represents the degree of dispersion of

relaxation timer.
e ©)

As an example, when the test temperature is 280520.98, 0.51, 0.85, 0.79,
0.79,respectively. For STO ceramics, the valug @f close to 1, indicating that there
is only an ion displacement polarization mechanisar.SLTO ceramics, the value of
S becomes smaller, which means that the dispersigiom is broader. When the La
doping content is 0.05 has the minimum value. According to the point defe
analysis, when the La doping content is 0.05, theme intrinsic point defects,
Las, + Vs, +Lag, defects and Schottky point defects, so the iorplaiement
polarization and defect dipole polarization coexisthen the La doping content is
more than 0.05, the polarization mechanism is palefect dipole polarization.

Federicci et al. [57] reported superionic conductdth colossal dielectric
constant for Rl ,Os materials annealed under oxygen-depleted atmosbech as
He, N, vacuum). They found that oxygen vacancies aratedein the material, and
the dielectric constant reaches unprecedented wdl@€’. They proposed a possible
mechanism of a Frenkel anionic defect. Additionathey pointed out that another

condition for the observation of such a high diglecconstant is that at least two

ionic species of opposite signs are involved inpghacess. In this work, the charge
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compensation mechanism of SLTO ceramics is predamtiythe formation of/g;.,
resulting in Las, + Vg, + Lag, defect dipole structure, and Shottky defect
(Ve +V7"+3V,) coexists in the material. Thus there are twodagecies of opposite
signs in SLTO ceramics, contributing to a high eitlic constant and dielectric
relaxation.

To investigate the dielectric relaxation behavarpowerful tool is activation
energy analysis. The fijnversus IT plot was made and shown in Fig. 16. The
variation relation obeys the Arrhenius relation:

Eq

fo = foerp(— %) (10)

where f is the dielectric loss peak position, ig the pre-exponential factdg, is the
activation energy required for relaxatidk, is the Boltzmann constant (1.38%%0
J/IK), andT is theabsolute temperature. Applying logarithm on bottesiof Eq. (10)

the following relation can be obtained:

Inf, = Inf, — k’zaT (11)
The development of frequencies of the dielectraslpeak with temperature for
STO and SLTO ceramics is well described by Eq. §sldemonstrated in Fig. 16. The
E, obtained from linear regression of the data fae@TO ceramic is about 1.12 eV,
consistent with the result reported in literatutke(E, of STO single crystals is
1.15-0.80 eV) [50]. The dependencesgfon La doping content for SLTO ceramics is
plotted in Fig. 17. Wherx > 0.075, E; decreased to ~0.25 eV. Choudhury [52]

reported that this change i seems to be connected with both the concentratidn

the mobility of the charge carriers which are apply V, in STO crystals. When
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x<0.075, intrinsic point defects become dominatiyyoget of defects an&, increases
with decreasing up to 1.12 eV.

The relaxation timep is calculated by the following formula:

o=+ (12)
The relaxation timerp for STO and SLTO ceramics is plotted in Fig. 17 as
function ofx. From the values af, the transformation of polarization mechanism can
be deduced. For STO andy&t-a0.0sTiO03, the polarization mechanism belongs to the
ion displacement polarization. Whex > 0.075, the relaxation time prolongs
indicating that the polarization mechanism chantgedefect dipole polarization. It is
believed that L¥ located at Sf sites carry excess positive charges and the fasmat

of Las,+Vg,.+Lag, defect dipole structure contributes to the impbymlarization

and increased relaxation time.

5. Conclusion

SLTO ceramics with colossal permittivity were fafated by the conventional
solid-state reaction method. The results of PAL8S @B indicated that intrinsic
point defects in the pure STO ceramics are malffly. The dominating charge
compensation mechanism in SLTO ceramics is formatd Vg, resulting in
Lag, + Vs, + Lag, defect dipole structure. XPS results demonstratieat the
transformation from Ti to Ti** does not happen in £adoped SLTO ceramics. As La
doping content increaseg; of SLTO ceramics increases and shows colossal

permittivity of ~70000 at room temperature. Theosshl permittivity stems from a
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sharp polarization increase caused by defect diptigcture. The tahof SLTO
ceramics showed obvious Debye relaxation at highpeFatures and the relaxation
showed a multiple relaxation times resulting fronffedent kinds of polarization
mechanism. The main polarization mechanism of Scé@amics gradually changes
from the ion displacement polarization to the detipole polarization influenced by

the concentration of La dopants.
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1. Lattice structure of (83X 3) STO supercell with 135 atoms. The red spheressrg
spheres and gray spheres represent O atoms, Sg atawhili atoms, respectively. The labels
0, 1, 2 and 3 denote the position of Sr ion suldsit by La.
2. (a) XRD patterns of STO and SLTO ceramicsesed at 1600C, (b) detail of (111)
reflection.
3. SEM images taken in the cross section cdrois sintered at 1600C. (a) SrTiQ, (b)
Sfo.99-20.05T103, (C) Sb.929-20.0751103, (d) Sk.oLao. TiOsand (e) S g7d-a0.125TiOs.
4. The schematic depiction of defects in SIcEBamics. (a)Lag,+Lag,+Vy; +Lag,+Lag,., (b)
Lag,+Vi +Lag,, (c) Schottky defect/g,+V7,"+3V).
5. Results of PALS investigations of STO cdwansintered at various temperatuiigsthe

development of (a) the lifetimeg, 7, of the components resolved in PALS spectra; (b)

T

relative intensityl, of the longer component. The range of positroatifiies Tg,

TB,LDA

T

. 75 Obtained fromab-inito calculations for various defectg;{’, Vs, Shottky defect)
B,GGA

are shown by horizontal bands in Fig. 5a.

6. Results of PALS investigations of SLTO eeies sintered at 1600C: (a) lifetimesn, n

of the components resolved in PALS spectra; (latined intensityl, of the longer component

plotted as a function of La contert The range of positron Iifetimersr—rB, Tp
B,LDA

TB,GGA
obtained fromab-inito calculations for various defectg{’, Vg, Shottky defect) are shown
by horizontal bands in Fig. 6a.

7. Calculated CDB ratio curves (related toepatf) for perfect STO crystal and Sr, Ti, O and

La elements.
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Fig.

. 8. The CDB ratio curves (related to pure Al) 8TO and SLTO ceramics. The CDB curves

for pure Ti and AlO; are plotted in the figure as well.

9. The calculated CDB ratio curves (relateditpfor a perfect STO lattice and for various
defects.
10. XPS spectra of STO and SLTO ceramics m@dteat 1600 °C.(a) SrTiG;, (b)

Sfo.99-20.05T103, (C) Sb.929-30.075T103, (d) Sb.oLao.1TIO3, (€) Sb.a7d-20.1251103.

11. La 8 XPS spectra of SLTO ceramics sintered at 1600 (&F.Sp.od 89057103, (b)
Slo.924-80.0751103, (C) Sb.oLag.1TiOs, (d) Sb.g74-30.125T103.

12. Ti 2 and Sr 8 XPS spectra for STO and SLTO ceramics sinterd®@®d °C. (a) SrTiQ

(b) Sk.9d-20.05T1O3, (C) Sb.92d-30.075T103, (d) Sb.oLag 1TiO3, (€) Sb.s7d-a0.125T103. Doted lines
indicate peak positions for the STO ceramic.

13. Temperature dependence of the dielectistant and the dielectric loss for STO and
SLTO ceramics (the test frequency was 1 kHz).

14. Temperature dependence of the dieleatmstant and dielectric loss for STO and SLTO
ceramics at different frequencies. (a) SrEIi) Sk.od-agesliO3, (C) Sk.g2d-80.075T103, (d)
Sto.0Lag 1TiOs3, (€) Sb.g7d-20.125TI1Oz.

15. Frequency dependence of the dielectristeon and dielectric loss for STO and SLTO
ceramics at different temperatures. (a) SgTiD) Sb.od-89.05T103, (C) Sb.92d-80.075T103, (d)
Sto.0Lao 1TiOs3, (€) Sb.g7d-20.125TIO3.

16. The Arrhenius plots of Ipfersus IT for the loss peak of STO and SLTO ceramics.

17. The dependence of the activation en&gggnd relaxation time on La doping content

for pure STO and SLTO ceramics
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Table 2 Results oéb-initio calculations of positron annihilation lifetimesr fearious positron
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GGA approach. The calculated lifetimedivided by the bulk lifetime calculated within the

same approach, i.e. eithgy pa or 1z gea and multiplied by the experimental bulk lifetime

1z=141 ps are listed in the last two columns.

Table 3 The binding energies of Zp and Sr 8 core levels of STO and 48125703

ceramics.

Table 4 Dielectric properties of @§pdagi2sli03, CaCuTisO1z  (INgsNDg 5)xTi1xO2,

Bay.od20.05T103«, and St.1 5Y xT103 at room temperature (1 kHz).

Table 5 Defect formation energies and polarizatiatues of La-doped STO and La-doped STO

with Sr vacancy.
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Table 1 The lattice parameter, cell volume, thecaktiensity, bulk density and relative density of

STO and SLTO ceramics sintered at 16Q0

\Y, Theoretical Bulk density  Relative
Samples a(h)

(A%  density (g/c)  (g/cnT) density (%)
SITiO; 3.9080 59.687 5.106 4.89 95.78
Siy.9d-ag.05TiO3 3.9050 59.545 5.190 4.84 93.24
Sf.o2d-8007TIOs  3.9037  59.489 5.231 4.96 94.85

Shdag TiOs  3.9045 59.526 5.263 5.04 95.79
Stogrda012sTiO;  3.9028  59.447 5.306 5.00 94.25
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Table 2 Results adb-initio calculations of positron annihilation lifetimegs fearious positron

states in STO crystal lattice. Electron-positrorrelation was treated within the LDA or GGA

approach. The calculated lifetimedivided by the bulk lifetime calculated within tekame

approach, i.e. eitheg | pa Or 75 gea and multiplied by the experimental bulk lifetimmg=141 ps

are listed in the last two columns.

LDA GGA LDA GGA

Positron state

T T

t(ps) t(ps) o, -Ts (ps) noon B (ps)
STO bulk 131 151 141 141
V5 135 158 145 148
vy 160 194 172 180
Ver 239 278 257 259
Vil +Vy 189 225 203 210
Vo +Vy 245 281 264 262
Shottky defectVg,.+V7/"+3V, 284 315 306 295
Sr partial Shottky defecVg,.+V,, 214 246 264 264
Ti partial Shottky defect;;'+2V, 214 246 230 230
Lag,+V{ +Las, 239 276 257 258
Las,+Lag,+V;! +Lag,+Lag, 158 190 171 178
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Table 3 The binding energies of2p and Sr 8 core levels of STO and §#d-ag.125103

ceramics.

Line positions (eV)

Samples
STO SLTO AE
Ti 2py2 464.17 464.61 0.44
Ti 2psp2 458.41 458.81 0.40
AE-Ti 2p 5.76 5.80 -
Sr 32 131.26 131.66 0.40
Sr 3s» 129.66 130.06 0.40
AE-Sr 3 1.60 1.60 -
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Table 4 Dielectric properties of s3fd-a9.125103, CaCuTi4O15, (INgsNbp g)xTi1.402,

Bag.g5La0.05T103y, and St.1 5Y 1103 at room temperature (1 kHz).

Ceramics composition &r tary Ref.
CaCuyTiO1 10,000-280,000 0.04-0.12 [1, 8, 54]
(INg.sNbg £)xTi 15O 20,000-60,000 0.02-0.20 [10]
Bay.od-a0,05TiO03« 200,000-800,000 0.10-0.70 [11]
Sr1.5Y«TI03 12,000~ 123,000 0.10-0.48 [12]
Siy.g74-a9 1251103 ~ 70,000 0.30 This work
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Table 5 Defect formation energies and polarizatiaines of La-doped STO and La-doped STO

with Sr vacancy.

Compound La-doped STO La-doped STO with Sr vacancy
Position 0,1) (0,2) 0,3) 0,2) 0,2) 0,3)
E (eV) 282 275  -2.76 1.19 1.28 1.20

P uClcnt) 5.9 5.8 5.8 42.6 42.7 42.6
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