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ABSTRACT

Combining alternate-current impedance spectrum measurement and first-principle calculations, we thoroughly analyzed the electrical trans-
port behavior of LaAlO; under high pressure. A pressure-induced ionic-polaronic-ionic transition has been discovered through impedance
spectroscopy measurements. Through first-principle calculations, we have elucidated the physical origin of the emergence of polaronic con-
duction, which results from the distortion of electron density background around Al and O atoms. Furthermore, the discontinuous changes
in the starting frequency of ion migration fyy, relaxation frequency f;, and ionic resistance R; have been found at around 13.2 GPa, which can
be ascribed to the phase transition of LaAlOs from rhombohedral to cubic phase. Pressure can enhance the migration of O~ ions, causing

an increase in the ionic conductivity of LaAlO;. This research will deepen our comprehension on the ion migration in solid electrolytes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0155704

Perovskite lanthanum aluminate, LaAlOs, has many advantages,
such as low microwave losses, high dielectric constant,” * and
excellent lattice matching with various high-temperature supercon-
ductors,"”° which makes it widely applied in microwave dielectrics,
high-frequency ceramic capacitors, high-temperature superconducting
thin film growth, and electrolytes for solid oxide fuel cells.” ' Previous
studies have revealed that O~ ion migration in LaAlOj; plays a domi-
nant role in affecting the electronic properties at oxide interfaces via
causing large, nonlinear, and heterogenous polarizability of the lat-
tice."* Moreover, oxygen vacancies play a vital role in oxygen ionic
conduction and their concentration can be regulated by substituting
ions with a different valence but of similar size.'™'® By doping the A
and B sites with different cations, a large number of oxygen vacancies
are introduced into the structure, thus providing transport channels
for oxygen ion migration and improving the ionic conductivity of
LaAlQO;. For instance, Sr-doped LaAlO; (LagoSr;AlO;_s) has been
utilized as a solid electrolyte and exhibits a high ionic conductivity of
0; = 1.3 x 1072S cm ™' at temperatures of about 900 °C."”

Pressure loading is an effective and clean physical approach for
modifying the structure and electrical properties of materials without
introducing chemical impurities.'® For instance, pressure can induce the
structural phase transition of LiNbO; from R3c to Pnma phase at
252GPa and enhance the ionic conductivity.” NaNbO; undergoes a

structural phase transition from Pbcm to Pna2, phase at 7.6 GPa, and
meanwhile, ion channels become larger under high pressure, making ions
transport easier.”’ Pressure-induced structural phase transition in
SrMoO, from tetragonal to monoclinic phase at 7.0 GPa is also accompa-
nied by an increase in ionic conductivity.”' From the previous studies, it
can be found that pressure has positive results in the enhancement of
ionic conductivity of many ABO;-type perovskite materials. For LaAlO;,
its applications in many aspects have relationships with its electrical prop-
erties. If pressure has the same positive effect on the enhancement of
LaAlO; electrical properties, it will be of great significance for application.

So far, many studies have been conducted on the structure,”**
optical,””**° and elastic’””** properties of LaAlO; with various theo-
retical and experimental methods, such as first-principles calculations,
in situ synchrotron radiation x-ray diffraction (XRD),”” ' and Raman
scattering measurements.”’ At high pressures, LaAlO; undergoes a
structural transformation from a rhombohedral (R3¢) to a cubic
(Pm3m) phase at 14.8 GPa, with the AlO4 octahedron recovering
from its titled position to an ideal cubic perovskite structure without
any tilting. However, systematic studies on the electrical properties of
LaAlO; during compression, such as the behaviors of ion migration,
polarization relaxation process, and dielectric response, have not been
conducted. Therefore, further research in LaAlOj; is expected to reveal
phenomena under high pressure.

Appl. Phys. Lett. 122, 262101 (2023); doi: 10.1063/5.0155704
Published under an exclusive license by AIP Publishing

122, 262101-1

C1:8S:20 ¥20T Uoten 1


https://doi.org/10.1063/5.0155704
https://doi.org/10.1063/5.0155704
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0155704
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0155704&domain=pdf&date_stamp=2023-06-26
https://orcid.org/0000-0001-5045-8130
https://orcid.org/0000-0002-9418-7544
https://orcid.org/0000-0003-3888-1395
https://orcid.org/0009-0001-9586-8253
https://orcid.org/0000-0003-4498-6054
https://orcid.org/0000-0001-6835-5148
mailto:zhaolin_jlu@163.com
mailto:hanyh@jlu.edu.cn
https://doi.org/10.1063/5.0155704
pubs.aip.org/aip/apl

Applied Physics Letters

In this study, the influence of pressure on the dynamic behaviors
of O°” ion migration was analyzed by investigating the ionic transport
characteristics of LaAlO; utilizing experimental and theoretical meth-
odologies. We expect that this research will provide perspectives on
how pressure affects O~ ion migration in compression compounds
and help us create solid electrolytes that can be utilized under extreme
conditions.

The sample was commercially obtainable LaAlO; powder in
purity of 99.9% from Alfa Aesar Company. XRD refinement results
showed that LaAlO; displays a rhombohedral structure with an R3¢
space group under environmental conditions (seen Fig. S5 in the sup-
plementary material). In our high-pressure experiments, we used a
diamond anvil cell (DAC) with anvil culet in diameter of 300 um. A
piece of pre-indented T-301 stainless steel in thickness of 60 um was
used as a gasket. A parallel-plate electrode configuration was adopted
for alternate-current (AC) impedance measurement. The gasket and
electrode were insulated by a mixture of alumina and epoxy powder.
To avoid introducing extra impedance, we did not use pressure trans-
mitting medium. The AC impedance spectra of LaAlO; were mea-
sured with Solartron 1260 impedance analyzer and 1296 interface. The
frequency range for measuring the AC impedance spectroscopy was
102 to 107 Hz, and the voltage amplitude was 1V. High pressure was
calibrated by the wave number of ruby fluorescence.”

First-principle calculations based on density functional theory
(DFT) were performed within the generalized gradient approximation
(Perdew-Burke-Ernzerhof functional).”> ** To guarantee the conver-
gence of enthalpy calculations, a suitable cutoff energy of 830 eV and
Monkhorst-Pack k-point mesh-3x3x3 were selected. The valence
states of the La, Al, and O atoms have the following electronic configu-
rations: 5d'6s%, 3s?3p’, and 2s*2p?, respectively.

AC impedance spectroscopy is a valid approach to investigate the
electrical transport behavior of charge carriers across the grain and
grain boundary. In Figs. 1(a)-1(d), we displayed the Z’ vs Z” graphs of
LaAlO; at different pressures. From ambient pressure to 3.5 GPa,
LaAlO; has an jonic transporting profile, as demonstrated in Fig. 1(a),
where a semi-circular arc appears in the high-frequency section and
an upward-sloping straight line in the low-frequency section. The
semicircle demonstrates the physical mechanism in which the O*~
ions vibrate at a very high frequency around their equilibrium posi-
tions within the lattice when a high-frequency alternate current signal
is applied. Meanwhile, the sloping straight line denotes the long-range
diffusion of O~ ions as the alternate current signal becomes low.
Notably, the slope of the inclined straight line deviates from n/4, which
could be interpreted as an anisotropic transport of O~ ions in the
rhombohedral LaAlO;.

From 3.5 to 5.7 GPa, the sloping straight line vanishes in the low-
frequency range and only a semicircle is visible in impedance spectros-
copy, as illustrated in Fig. 1(b). This implies that pressure restricts the
initial movement of O®~ ions within the crystal lattice, causing the
long-range diffusion of O>~ ions to disappear. An unusual ionic-elec-
tronic (or ionic—polaronic) transition induced by pressure occurs
around 3.5-5.7 GPa.”” However, it is uncertain whether the primary
charge carriers are polarons or electrons. A thorough explanation is
provided in the theoretical calculations section later in this paper.

When the pressure locates at 5.7 and 13.2 GPa, as represented in
Fig. 1(c), the titled straight line starts to appear gradually in the low-
frequency region, indicating that LaAlO; displays ionic conduction
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FIG. 1. (a)—(d) Nyquist representations. (e)-(h) Bode representations of the
selected impedance spectra in LaAlOj; at various pressures.

once more and O®~ ions long-range diffusion becomes more apparent
as the pressure increases. The slope of the inclined straight line is still
less than /4, demonstrating that the conduction of O®~ ions is still
anisotropic in the rhombohedral LaAlO;.

As the pressure above 13.2 GPa, the slope of the inclined straight
line in the low-frequency range becomes /4, as illustrated in Fig. 1(d),
which denotes that LaAlO; has typical ionic conduction, the conduc-
tion of O°~ ions increases significantly and is always isotropic in the
cubic LaAlO;. The slope variation of the titled straight line in the low-
frequency area results from a pressure-induced structural phase transi-
tion from rhombohedral to cubic at 13.2 GPa.

Figures 1(e)-1(h) illustrate the frequency dependence of the
imaginary impedance of LaAlO; at different pressures. By observing
the changing trend of the imaginary impedance component in the
low-frequency area, we can distinguish between ionic and electronic
(or polaronic) conduction. Figures 1(e), 1(g), and 1(h) illustrate that
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the imaginary impedance increases as the frequency decreases, exhibit-
ing a typical ionic conduction mechanism. In contrast, the imaginary
impedance decreases between 3.5 and 5.7 GPa with decreasing fre-
quency, and the imaginary part does not tend to zero, as shown in Fig.
1(f), indicating the existence of polaronic or electronic conduction in
LaAlOs.

Given the discovery of the anomalous conduction transition
sequence, we can qualitatively analyze the O®~ ions transport process
of LaAlO; under high pressure by fitting the impedance spectra with
suitable equivalent circuits. The representative equivalent circuits for
ionic conduction and electronic (or polaronic) conduction fitting are
displayed in Figs. 2(a)-2(c), respectively.

The electrical transportation mechanism in Figs. 2(a) and 2(c) is
purely ionic conduction. Their impedance can be written in the fol-
lowing way:
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FIG. 2. (a)—(c) Selected fitting results and equivalent circuit diagrams of LaAlO; at
0.9, 5.7, and 20.5 GPa, respectively.
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where R; and R, denote the resistances through the grain and grain
boundary. The impedance of the Warburg equivalent element (Zy)
and constant phase element (Zg) can be expressed using the following
equations:

. 1)2
Zw = awafl/z(l — j)coth {510)1) ], 2)

ZQ = O'Q(j(x))in, (3)

where oy and (; stand for the Warburg and CPE coefficients, respec-
tively, o signifies the angular frequency ( = 27 f), D represents the
0% ions diffusion coefficient, and & denotes the average O* ions dif-
fusion length. As the frequency decreases to zero, the imaginary part
of the impedance tends to infinity, as illustrated in Figs. 1(e), 1(g), and
1(h), which is the characteristic of ionic conduction.

For electronic or polaronic conduction in Fig. 2(b), the imped-
ance is represented by

1 1

Z=— 1T 1T 1 )

o —t—
Ri+Zw R Zo R Zg

where R; is the transferring resistance of polarons or electrons. These
equivalent circuits can fit experimental results very well.

Based on the equivalent circuit analysis, the pressure-dependent
starting frequency of ion migration fy, relaxation frequency f;, and
ionic resistance R; can be derived as shown in Fig. 3. In general, the
frequency fiy at which the semicircle is connected to a straight line can
be defined as the starting frequency of long-range O>~ ion migration.
The higher fiy is, the faster O>~ ions migrates.”” We can also see the
change in f, with pressure from the Z” vs f plots in the black arrows
of Figs. 1(e)-1(h). From ambient pressure to 3.5GPa, fiy decreases
apparently and shifts toward lower frequency as the pressure increases,
which indicates that the diffusion of O*~ ions slows down under high
pressure. On the contrary, when the pressure is above 5.7 GPa, fi/
increases with increasing pressure, meaning that O~ ions have fast

2) | . o*°®
-1 P °
Z107'f @ | ° @ 9°
J e °
107 — : : :
I OREE 000 *°
- l'o ] ] P qpo
107" LY ® ?
SRCX M
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ri“”r" o i CIE TN
fo ) . %9,
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P(GPa)

FIG. 3. The pressure-dependent (a) the starting frequency of ion migration fy, (b)
relaxation frequency f,, and (c) ionic resistance R; in LaAlO3. The dotted lines show
the pressure range of the experimentally discovered ionic—electronic (or ionic—polar-
onic) conduction mechanism, while the solid line denotes the phase change from
rhombohedral to cubic at 13.2 GPa.
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mobility under the electric field and can be diffused over a long range
at higher frequencies. Thence, pressure enhances the diffusion of O*~
ions and improves the migration of LaAlO;. As mentioned above, after
13.2 GPa, LaAlO; presents a standard ionic transport characteristic
with a slope of m/4 for the inclined straight line, indicating the benefit
isotropy of LaAlOs. fiy increases abruptly with the pressure, increasing
the diffusion rate of O°~ ions.

The relaxation frequency f;, another parameter to describe the
O ions transport process, can be read out from the peak position of
Z" vs f plots as shown in Figs. 1(e)-1(h). The position of the relaxation
peak characterizes the recovering speed of LaAlO; from a non-
equilibrium to an equilibrium state under electrical field initiation.
Figure 3(b) displays the f, change with pressure. As the pressure
increases from ambient pressure to 3.5 GPa, the relaxation frequency
decreases, demonstrating that the migration rate of O®~ ions decreases
with increasing pressure. As pressure increases from 3.5 to 5.7 GPa,
the relaxation frequency f;, continues to decrease. Moreover, the relax-
ation peak is located between 10" and 10> Hz, which suggests the
conduction of 0>~ ions becomes more difficult. In contrast, between
5.7 and 13.2GPa, the relaxation peak shifts to the high-frequency
region with pressure increases, demonstrating that pressure can
improve the 0>~ ions diffusion. As the pressure reaches 13.2 GPa, the
peak rapidly shifts to the high-frequency region with the pressure due
to structural changes from the rhombohedral to the cubic phase.

From the pressure dependence of ionic resistance R; as displayed
in Fig. 3(c), it is evident that R; changes in an opposite tendency with
fw and f;, indicating R; is in direct proportion to O®~ ion migration.
In addition, from ambient pressure to 5.3 GPa, the ionic resistance R;
increases with the pressure and then decreases with increasing pres-
sure after 5.3 GPa. This is because narrowing the bandgap causes a
decrease in R;. Moreover, the variation of the calculated bandgap with
pressure is shown in Fig. S8.

To figure out the mechanism of O*>~ ion migration under high
pressure, especially the emergence of electronic conduction at high
pressures between 3.5 and 5.7 GPa where the pressure-induced struc-
tural phase change is of absence, we conducted further theoretical cal-
culations on the difference charge density of rhombohedral LaAlO;
under high pressure.

Figure 4 illustrates the charge density difference of AlOg in LaAlO;
at pressures of 0.0, 4.0, 5.0, and 13.0 GPa. There are two nonequivalent
positions for O*~ ions in the AlOg octahedron, labeled O; and Oy in
Fig. 4. The central electron densities of Oy and Oy; are listed in Table I.
At ambient pressure, most electrons are concentrated around the O
atoms, while only a few are near the Al atoms. Meanwhile, the number
of electrons around O; and Oy are similar (see Table 1) and the O*~
ions can migrate in the lattice. It can be seen from the table that the elec-
tron density around Oy increases abruptly to 9.1 x 107> eA~® at
5.0 GPa, which indicates that pressure increases the Coulomb interac-
tion between Oy and Al ions and narrows the O*~ ion migration chan-
nels. Simultaneously, the local electronic background around Al atoms
is distorted, further shielding the migration of O>~ ions and increasing
ionic resistance. The shielding effects on O*~ ions and the local electron
background distortion form polarons, meaning that polaronic conduc-
tion is the predominant process at 5.0 GPa. When the pressure reaches
13.0 GPa, the charge density around O decreases to 2.8 x 1073 eA 3,
leading to the weak interaction between Oy and Al ions again and more
free migration of 0>~ ions. As the local background of electrons around

pubs.aip.org/aip/apl

FIG. 4. The selected difference charge density in LaAlO; under high pressure.

TABLE 1. The electron density of O, and Oy, at different pressures.

Pressure Electron density Electron density
(GPa) of Oy (107 eA™) of Oy (107 eA™)
0 3.2 3.1

4 3.1 2.6

5 2.1 9.1

13 2.6 2.8

Al atoms gradually restores from the state of distortion, the polarons
disappear and the conduction mechanism changes to ionic conduction
under high pressure over 5.7 GPa. The theoretical calculation and exper-
imental results are consistent.

In conclusion, we have conducted in situ impedance spectra mea-
surements and first-principle calculations in LaAlO; under high pres-
sure. Impedance spectra measurements have discovered an unusual
ionic—polaronic—ionic transition induced by pressure. Using first-
principle calculations, we have elucidated the physical origin of the
emergence of polaronic conduction, which results from the distortion
of electron density background around Al and O atoms. This study
also shows that in situ impedance spectra measurements combined
with first-principle calculations is a proper way to reveal the electrical
transport properties of materials under high pressure. We hope these
combined methods can be used in the future to discuss more issues
about ion migration in solid electrolytes.

See the supplementary material for methods; molecular dynamics
simulations; Rietveld refinement results of rhombohedral LaAlOs; Z’
and o ~1/2 plots; pressure-dependent Ry, Ry, Ry, and R,; and the vari-
ation of calculated bandgap with pressure.
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