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Effect of oxygen content on dielectric characteristics
of Cr-doped LaTiO,*

Ming Ma(5%%)!, Yan Chen(F%Z)>", and Yi-Min Cui(4£ 25 F&)?

1 School of Aeronautic Science and Engineering, Beihang University, Beijing 100191, China

2 School of Physics, Beihang University, Beijing 100191, China

(Received 16 December 2017; revised manuscript received 17 January 2018; published online 26 April 2018)

The ceramics Lag gsCry 15TiO, and Lag 7Crg 3TiO, are prepared by conventional solid-state reaction method. The
dielectric properties of Cr-doped LaTiO, as a function of frequency (0.1 kHz < f < 1 MHz) and temperature (77 K < T <
360 K) are studied. The blocks are then annealed in a flowing O, or Ar/H; to convert their oxygen content and the tests
mentioned above are performed. The highly oxygenated samples exhibit extremely high low-frequency dielectric constants
at room temperature (~10°%). The results show that the oxygen stoichiometry could significantly influence the dielectric

properties of Cr-doped LaTiO,.
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1. Introduction

Perovskite oxides have been extensively studied in recent
years due to their various exotic properties. This is mainly
because of their superior properties in dielectric, ferroelectric,
piezoelectric, superconductivity, etc.['# Lanthanum titanium
oxide (LTO), as an important titanate material, has attracted
a great deal of researchers’ attention recently.! Many re-
searchers have studied LTO materials from different perspec-
tives. For example, Schmehl et al. reported the transport prop-
erties of LaTiO, films and heterostructures.!®) Schmitz et al.
discussed the effect of the experimentally observed Jahn-Teller
distortion of the oxygen octahedronin LaTiO3 on the mag-
netic exchange.!”! Lunkenheimer studied the dielectric proper-
ties and dynamical conductivity of LaTiO, from dc to optical
frequencies.®!

Perovskite has the flexibility of changing the effective
negative charges by performing doping substitution on the
cationic sites. This class of compound can go through a wide
range of structural phase transition, which can strongly affect
its physical and chemical properties. Among various types of
titanate perovskites, LTO is considered to be a very promising

[9,10

material.[>!°! Cu doping in LTO can not only improve its di-

electric properties, but also enhance the Fenton degradation of

rhodamine B.!!1-12

I The Sr doping lowers the conduction band
and reduces the band gap of La; _,Sr, TiO3.3] As can be seen,
the enhancement in total conductivity of the LTO perovskite
can be achieved only at lower doping concentration. The op-
posite effect is observed for higher doping concentration. 14!
The Cr is an important doping element commonly
used to improve the properties of the material.[">~17] It

has been verified by first-principles calculations that Cr
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doping improves the conductivity of LiFePO4.['8) The Cr-
doped SrTiO3 single crystals exhibit current-driven insulator—
conductor transition characteristics which can be used for fab-
ricating the next-generation non-volatile memory devices. ']
In LizV,_Cr,(PO4)3/C, the initial specific capacity decreases
with the decrease in Cr content at a lower current rate. Un-
der the condition of the moderate Cr doping, both the cycle
performance and rate performance have been improved. [*!

Annealing in different atmospheres may change the oxy-
gen content of the material, thereby changing the properties
of the material. After deposition annealing, the permittiv-
ity and the dielectric Q (1/tand) of single-phase thin film of
Ba 510 5TiO3 showed significant changes.?! Titanium ox-
ide films have better electrical properties after being annealed
in oxygen.[22] Polycrystalline Lagg7Bag33MnO3 bulk sam-
ples, which were obtained under the annealing conditions at
700 °C in the flowing 95%Ar:5%H,(Ar/H,) mixed gas or
a different time, have significantly different insulator—metal
transition temperature and AC magnetic susceptibility.!?*!
Oxygen content can significantly affect the dielectric proper-
ties of TiO; crystals.?*

In this study, the Cr-doped LaTiO, is synthesized using
the solid-state method and the samples are annealed in O; or
Ar/H, to change the oxygen content. The effects of Cr-doped
ratio and oxygen content on the dielectric properties of Cr-

doped LaTiO, are systematically investigated.

2. Experimental details

The ceramics Lag g5Crg ;5TiO, and Lag7Cro3TiO, were
prepared by solid-state reaction. The starting powders Lay O3,
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Cr;0s, and TiO, (with purity > 99.99%) were mixed as re-
quired and fired at 1450 °C for 600 min in the air with interme-
diate grinding in an agate mortar. The grinding and sintering
process was repeated three times. Then the mixture was re-
ground, pressed into pellets of 8 mm in diameter and sintered
at 1520 °C in the air for another 600 min followed by surface
cooling. In order to explore the influence of oxygen content,
the samples were annealed at 700 °C in flowing O, or Ar/Hj
mixed gas for 60 min and then cooled down.

The structural analysis of the pellet was checked by x-
ray diffraction (XRD) using Cu-Ko radiation with 20 ranging
from 20° to 80°. The chemical compositions and chemical
states of the as-prepared pellets were characterized by x-ray
photoelectron spectroscope (XPS, ESCALAB 250Xi, Thermo
Scientific). The silver paste was coated on both sides of the
disk as an electrode to test the dielectric properties. The dielec-
tric properties of bulks were measured by a precise impedance
analyzer 6500B (Wayne Kerr corp.). The temperature was au-
tomatically monitored and controlled by LakeShore tempera-
ture controller (Model: 331) with temperature ranging from
77 K to 360 K. Data measurement frequency was in a range
from 0.1 kHz to 1 MHz.[2>-2]

3. Results and discussion
3.1. Sample characterization

The XRD spectra of Cr-doped LaTiO, composites at
room temperature are shown in Fig. 1. The intensity of the
peak varies with the amount of chromium doped and the oxy-
gen content. The analyses of the XRD spectra demonstrate
that the lattice structure is tetragonal. For the original sam-
ple as shown in Figs. 1(a) and 1(b), except for the 200 peak,
the peak intensities increase as the chromium concentration in-
creases. The radius of Lanthanum ion is different from that of

1331 and thus Cr ionis substituted for La ion, the

Chromium ion,
lattice structure of LaTiO3 can be distorted due to the different
ionic radii. As shown in Figs. 1(c) and 1(d), comparing with
Lag 85Cro.15TiO, s, the intensities of the peak (200) and (211)
of Lag7Crp3TiO,, s become weak and some impurity peaks
appear. Comparing with the original samples, the intensities
of the peaks (211) and (022) become weak after O, annealing.
As for the Ar/Hj-annealed samples shown in Figs. 1(e) and
1(f), the intensity of peak (200) strengthens but that of (211)
peak weakens. The (200) peak and (022) peak intensities be-
come weak after Ar/H, annealing. The reason for these results
may be that the annealing conditions affect the crystallinity of
the sample. ¥

The x-ray photoelectron spectrum (XPS) analysis is also
performed to explore the surface chemical compositions of the
Cr-doped LaTiO, samples. The O 1s core level spectra of the

prepared samples are displayed in Figs. 2(a)-2(f). In spite of

the different annealing atmospheres and doping ratios of the
ceramics, it is important to note that the spectra are virtually
identical. This assures that in all cases a similar oxygen va-
lence can be estimated at the surface and the change of the di-
electric properties with the same doping proportion is mainly

attributed to the difference in oxygen concentration. 33371
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Fig. 1. (color online) XRD spectra for (a) LaggsCrg 5TiOy, (b)

Lag7Cro3TiOy, (c) Oz-annealed LaggsCrp 15TiO,. 5, (d) O,-annealed

Lag7Crg3TiO, s, (e) Ar/H,-annealed Lag g5Crg 15TiO,_g, and (f) Ar/H,-
annealed Lag 7Cro 3TiO,_g at room temperature.

[\~
[en]

Figures 3(a)-3(f) show La 3d states of the perovskite un-
der different oxygen conditions, respectively. The core and
the satellite peaks of La 3ds/, and La 3d;, each show a clear
doublet structure specific for oxides. The primary peaks are
located at ~834.62 eV for La 3ds/, and ~850.87 eV for La
3ds 5, respectively. The satellite peaks are around ~838.47 eV
and ~855.32 eV, respectively. The energy difference between
core and satellite peaks is about 4 eV. The presence of satellite
peak La 3d is due to the monopole excitation arising from a
change in the screening of the valence electrons upon the re-
moval of a core electron. It is clear that the valence states of La
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Fig. 2. (color online) O 1s XPS spectra of (a) Lag g5Crg.15TiOy, (b) Op-
annealed Laggs5Crg 5TiO,, 5, (c) Ar/Hz-annealed LaggsCrp 5TiO,_s,
and (d) Lag 7Cro 3TiOy, (e) Oz-annealed Lag 7Cro 3 TiO, g, and (f) Ar/H,-
annealed Lag 7Cr 3TiO,_gs.
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Fig. 3. (color online) La 3d XPS spectra of (a) Lag gsCr.15TiOy, (b) Oz-
annealed Laggs5Crg 15TiO, 5, (c) Ar/Hp-annealed LaggsCrp 15TiO, s,
(d) Lag7Cro3TiOy, (e) O-annealed Lag7Crg3TiO,,s, and (f) Ar/Hs-
annealed Lag 7Cr 3 TiO,_g.

3+ B35-371 1t is important that the

ions correspond to those of La
valence of La ions do not vary significantly with the difference
in oxygen concentration.

The Cr 2p spectra of the samples are exhibited in Fig. 4.
It is clear that two peaks at 576.37 eV and 586.17 eV
are assigned to the Cr'* 2py;, and Cr'" 2p;), orbits,
respectively.[333%1 As for the O,-annealed ceramic, the peak
at about 579.17 is attributed to the 2p; , of Cr®" species, 3]
and the peak at 573.17 is assigned to the Cr metal.[®¥] The
reason may be that the electrons around the chromium species
combine with the oxygen, which causes the chromium ions to

change their valence.
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Fig. 4. (color online) Cr 2p XPS spectra of (a) Lag gsCrq.15TiOy, (b) Oz-
annealed Lagg5Crg 15TiO,. 5, (c) Ar/Hz-annealed LaggsCrg 15TiO,_g,
(d) Lag7Cro3TiOy, (e) O-annealed Lag7Crg3TiO, s, and (f) Ar/Ha-
annealed Lag 7Cr 3TiO,_s.

The high-resolution XPS spectra of Ti2p are shown in
Fig. 5. Titanium is a more active metal. Its valence is usually
bivalent, trivalent, and tetravalent. As shown in Fig. 5, two
primary peaks can be explained as a combined effect of sur-
face Ti** and near-surface Ti’" interstitial defects. In order
to further study the influence of oxygen atmosphere on the
titanium ions, the measured data are split, which are displayed
in Figs. 5(a)-5(f). The symmetric curve with binding energy
located at 458.7 eV and 464.3 eV is in accordance with those
of Ti** 2p3 ) and Ti** 2p; /5 in samples, respectively. The two
peaks at 457.9 eV and 463.6 eV are assigned to the Ti** 2p; 2
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(color online) Ti 2p XPS spectra of (a) LaggsCrg 15TiOy, (b) O;-annealed LaggsCrg 15TiO, 5, (c) Ar/Hz-annealed Lagg5Crg 5TiO,_g5, (d)

Lag7Cro3TiO,, (e) Oz-annealed Lag 7Cro3TiO, s, and (f) Ar/H;-annealed Lag 7Cro3TiO,_s.

and Ti** 2p; ), orbits, respectively.!**~**! The peak height and
area can be used to characterize the proportions of elements.
By comparison, it can be seen that the proportion of tetravalent
titanium ions in the ceramic annealed in an oxygen atmosphere
was the largest. This is due to the binding of titanium ions with
oxygen ions, which leads to the lose of electrons.

Finally, the different annealing atmospheres can affect
oxygen concentration of the ceramic. However, the valence
of oxygen ion is not affected. As shown in Fig. 3, the va-
lence states of La ions remain unchanged. In addition to
Lag 7Crg3TiO, annealed in oxygen, the valence states of Cr
ions remain constant too. Therefore, we believe that the struc-
tural stability of the material should be attributed to the differ-
ence in concentration of Ti** ions.

3.2. Dielectric properties

The dielectric constant is a characteristic of material in-
sulation, which indicates the ability of a substance to hold the
charge. Figure 6 shows the temperature-sensitive properties

" —ig” (¢* is the complex per-

of the dielectric constant £* = €
mittivity, €’ is the real part and €” is the imaginary part of the
complex permittivity) of Cr-doped blocks at different frequen-
cies. Figures 6(a) and 6(b) show the temperature dependence
of the dielectric constant &’ of the Cr-doped LaTiO,. As shown
in Fig. 6(b), the dielectric constant of sample Lag 7Cry3TiO,
is independent of temperature and frequency at the temper-
ature below 150 K. However, at temperatures above 150 K,
the dielectric constant of the sample increases with increasing
temperature. For instance, the & value increases rapidly as the
temperature rises from 150 K to 220 K when the measured fre-
quency is 0.1 kHz. The phenomenon may be caused by ther-
mally exciting more electron—hole pairs when the temperature
is over 150 K.1*3! As the frequency increases, the € value ex-
hibits temperature dependence in higher temperature region.
In the temperature range of 220-300 K, the dielectric con-
stant increases slowly as the carrier reaches a saturation state.

The €' value increases rapidly again when the temperature

057702-4



Chin. Phys. B Vol. 27, No. 5 (2018) 057702

10t (d) Lﬂo.sscrn.lsTioq:

} —=— 100 Hz

' —&— 5 kHz

F —e— 20 kHz
—»— 100 kHz

w 10° pp —4— 500 kHz

} —e— 1 kHz

[ —v— 10 kHz

[ —4— 50 kHz

—e— 200 kHz

—e— 1 MHz

10%

10°
10*
10°

10° F

T/K

(¢) Lags;Cro 5 TiO,

tand

tand

Fig. 6. (color online) Temperature-dependent £’ and tan § values of ((a), (c)) Lag g5Cro.15TiO and ((b), (d)) Lag7Cr3TiO, in temperature range from 77 K

to 360 K for different frequencies.

is above 300 K, which may be due to another type of carrier
that is excited at a temperature above 300 K.[**! The trend
of & with temperature is also affected by the frequency. Ac-
cording to Figs. 6(a) and 6(b), it can be concluded that the
values of dielectric constant €’ increase as the concentration
of doped chromium increases. The €’ of the sample turns into
an extremely high low-frequency dielectric constants at higher
temperature. It increases rapidly with increasing temperature
when the temperature is higher than a certain point. The tem-
perature point is also influenced by the chromium concentra-
tion.

Figures 6(c) and 6(d) show the dielectric loss tan-
gent tan§ (tand = €”/€’) curves and temperature curves
of the samples at different frequencies. For the sample
Lag 7Cro3TiO,, it is shown that the dielectric constant &' is
independent of temperature nor frequency at temperatures
below 150 K, which corresponds to the independence of
€' mentioned above. For both samples, if d(tand)/dT = 0
moves toward high temperature as the measured frequency in-
creases, the temperature exhibits a thermal excitation relax-
ation process.!?3% The Cr doping ratio has a significant ef-
fect on the dielectric loss. The doping of Cr may affect the
conductivity and polarization of the sample, both of which de-
termine the dielectric loss of the sample. 4]

It can be concluded that the dielectric constant €' in-
creases as the concentration of doped chromium increases.
The dielectric loss is also significantly affected by the Cr
doping ratio. This may be because when chromium ions re-
place lanthanum ions, the conductivity and the polarizability

change, affecting the dielectric constant of the sample.!*!

3.3. Effect of O, annealing on dielectric properties

The Cr-doped LaTiO, is oxidized when annealed in
oxygen, which may affect the crystal structures of some
types of perovskites, and influence the physical and chemical
properties.[>!! The bulks are annealed in oxygen and tested as
mentioned above. Figures 7(a) and 7(b) show the temperature-
dependent € values of the oxygen-annealed Cr-doped sam-
ples. Figures 7(c) and 7(d) show the variations of dielectric
loss tangent tan § with temperature at different frequencies.
According to Figs. 6 and 7, for all the samples, the values of
dielectric constant € and the dielectric loss tangent increase
as the concentration of chromium doping rises. By comparing
Fig. 6 with Fig. 7, the dielectric constant will increase after
oxygen annealing.

In conclusion, the dielectric properties of Cr-doped
LaTiO, can be improved after being annealed in oxygen. It
may be due to the fact that the number of activated carri-
ers increases and the structure changes with rising oxygen
content.[*~#7 The high value of the dielectric constant may be
attributed to the close-packed structure of oxygen ions. Oxy-
gen ions with negative charges, because of two excess elec-
trons, are more loosely bound to the nucleus than in a neutral
atom or positive ion, so that the ion is readily distorted by an
electric field. Also because of the close-packed structure, the
number of polarized ions per unit volume is high, so when an
electric field was applied, a high polarization increases, which
results in a high dielectric constant.?*! In order to demonstrate
the effect of oxygen content on the material property, the oxy-
gen content of the material is reduced for further investigation.
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temperature range from 77 K to 360 K at different frequencies.

The samples are reduced when annealed in Ar/H, mixed
gas. The oxygen content of the material became lower, which
may affect the physical and chemical properties.!?!! In order to
study the effect of oxygen-deficient on the dielectric property,
the samples are annealed in Ar/H, and tested as done above.
Figures 8(a) and 8(b) show the temperature dependent €’ val-
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ues and figures 8(c) and 8(d) show the temperature-dependent
dielectric loss tangent tan & values of Ar/H,-annealed samples
at different frequencies. According to Figs. 6 and 8, for both
samples, the dielectric constant € increases as the concen-
tration of doped chromium increases. However, the dielec-
tric constant turns quite different after annealing. Compared

1.5 " (c) Lags;CroisTiO, 5

1.0p

tand

(d) Lag7CrosTiO,_s

tand

100 150 200 250 300 350

Fig. 8. (color online) Temperature-dependent €’ and tan § values of Ar/Hp-annealed ((a), (c)) Lag gsCrq.1sTiO,_s and ((b), (d)) Lag7Cro3TiO,_s in temper-

ature range from 77 K to 360 K at different frequencies.

057702-6



Chin. Phys. B Vol. 27, No. 5 (2018) 057702

Fig. 6(a) with Fig. 8(a), the dielectric constant & values of
the original samples will show obvious temperature depen-
dence when the temperature is above 160 K, while those
for theAr/H;-annealed samples are 240 K. The €' increases
rapidly with increasing temperature when the temperature is
higher than a certain point. The temperature point becomes
higher after the sample has been annealed in Ar/H;. A compar-
ison between Figs. 6(b) and 8(b) shows that the non-annealed
sample exhibits a very high low-frequency dielectric constant
at room temperature and the low-frequency dielectric constant
of the annealed sample does not exceed 2 x 10°. The dielec-
tric constant of the Lag 7Cry 3 TiO, after being annealed is also
much smaller.

A comparison of Fig. 6 with Fig. 8 shows that the dielec-
tric loss tangent values of the samples with two different dop-
ing ratios decrease. As shown in Fig. 8(d), only the 0.1 kHz
frequency curve has a maximum value over the tested tem-
perature range. Both curves of non-annealed Lag gsCrg.15TiO,
and Lag 7Crg3TiO, exhibit their maximum values, while the
curves of Ar/Hj-annealed samples each have only one extreme
value. It is assumed that extreme point will appear in the high-
temperature region. In conclusion, the dielectric loss tangent
decreases, and most of the extreme value points disappear in
the test temperature range. This may be due to the decrease in
the number of activated carriers and the increase in the temper-
ature at which the carriers are activated after Ar/H,-annealing.

A series of distinct phases with variable oxygen stoi-
chiometry exists in the Cr-doped LaTiO, system. Starting with
fully oxidized compounds, the oxygen content is then reduced
and the perovskite-related structure changes. The structural
and physical properties vary drastically as oxygen quantity be-
comes stoichiometric.*’! In the Ar/H;-annealed samples, due
to the low oxygen content, vacancies are formed in the sam-
ples. Charges trapped by the vacancies cannot participate in
the long-distance conduction, but form a space charge. Many
oxygen vacancies exist in the sample with low oxygen con-
tent, which can capture carriers. At lower voltage, most of
the charges injected from the electrode fill the vacancies and
cannot participate in the electrical conductivity resulting in a
decrease in dielectric constant. For samples with high oxygen
content, the oxygen vacancies are less and the oxygen ions are
tightly linked, most of the charges are involved in the conduc-
tance. Due to the close-packed structure of oxygen ions, the
number of polarizable ions is high. When an electric field is
applied, a high polarization is established, resulting in a high
dielectric constant. Space charges limit the current, thus di-
electric loss varies with oxygen content. The current density
decreases as the oxygen content decreases, resulting in a de-
crease in dielectric loss. This also shows that under the exper-
imental conditions, the dielectric loss is determined mainly by

the macroscopic charge transfer.[?443]

The oxygen ions (O%~) act as a bridge between Ti** and
Ti** and play an essential role in the Ti**—0,—Ti** superex-
change interaction. Naturally, the extent to which the number
of oxygen ions changes makes the crystal lattice structure col-
lapse down, so the dielectric property of the material changes
significantly.

4. Conclusions

In summary, doped Cr ion concentration can significantly
influence the dielectric property of the LTO. The doping ratio
increases from 15% to 30%, the dielectric constant is increased
by almost an order of magnitude. Annealing in flowing O, or
Ar/H; can change the oxygen content and influence the dielec-
tric properties of the samples. The sample with high oxygen
content shows higher dielectric constant, which means that O,
annealing is an effective method to improve the dielectric char-
acteristics of Cr-doped LTO.
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