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Optical enhancement of dielectric permittivity in reduced lanthanum aluminate
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When light is absorbed in solids, electrical conductivity is usually enhanced through generation of photodoped
conductive carriers, known as photoconduction. Here we show UV-light absorption restrains photoconduction,
but markedly enhances dielectric permittivity in a ceramic sample of LaAlO3 with defects introduced deliber-
ately by reduction synthesis. Using systematic dielectric measurements under photoirradiation combined with
computational studies for defect formation energies, we explain this unconventional photoinduced phenomenon
in terms of photoexcited dipoles: The photoexcited electrons are trapped in in-gap states introduced by oxygen
vacancies whereas photoexcited holes are localized in a valence-band maximum. Thus the created electron-hole
pair acts as an electric dipole to enhance the dielectric permittivity. This unprecedented photoelectric effect does
not only provide an alternative functionality for dielectric materials, but also paves the way for next-generation
photoelectronic devices.
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I. INTRODUCTION

Novel functionalities of materials have opened new fron-
tiers in electronics as history illustrates. For instance, the
discovery of ferroelectricity led to innovative device elements
such as a ferroelectric random-access memory [1]. Also,
photoinduced changes of physical properties have been used
to connect optics and electronics. For example, an optical
change in electric conductivity, known as “photoconduction,”
has been applied in various photosensing devices. The photo-
Seebeck effect, a change in the Seebeck coefficient caused
by photodoped carriers, has recently been applied to achieve
excellent thermoelectric efficiency via photoirradiation [2,3].
These photoinduced phenomena are caused by the contribu-
tion of photodoped conductive carriers. If mobility of the
photodoped conductive carriers is sufficiently low, they would
be localized, and contribute to the dielectric properties rather
than the transport properties. Here, we demonstrate marked
photoinduced enhancement of the dielectric permittivity in
reduced LaAlO3 (RLAO), which is caused by the photodoped
localized carriers. Since dielectric materials are used ubiq-
uitously as capacitors, frequency filters, and gate-insulating
layers for metal-oxide-semiconductor transistors, the optical
tuning of dielectric properties would provide a route to the
development of innovative photoelectronic devices.

Photoinduced changes in the dielectric permittivity [pho-
todielectric effect (PDE)] have been reported to date in quan-
tum paraelectrics, [4–6] sulfide phosphors [7,8], and other
materials [9–11]. In particular, a marked increment in the
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dielectric permittivity was reported in quantum paraelectric
SrTiO3 under illumination using ultraviolet light [4], and
the dielectric permittivity was enhanced by photoirradiation
up to 106 with the aid of an external dc-bias electric field
[5]. Several mechanisms have been proposed to explain the
PDE in SrTiO3, including response of photoinduced polar
nanodomains [4] or photocarriers trapped at in-gap states [12].
Follow-up studies, however, have revealed an extrinsic origin
of PDE in SrTiO3 due to photoconduction [13], which leads
to severe increase in dielectric loss, causing fatal deterioration
of material properties for practical applications.

A unique photoinduced change in the permittivity has
recently been reported in some polycrystalline aluminates
[14–16]. The dielectric permittivity of Zn:LaAlO3 was found
to increase with photoirradiation over a wide frequency range,
up to at least 106 Hz. The observed small incremental change
in dielectric loss tangent (tanδ) upon photoirradiation elimi-
nated the extrinsic contribution of photoconduction, and sug-
gests an intrinsic nature for the PDE in Zn:LaAlO3 [14].
The mechanism responsible for the intrinsic PDE, however,
remains an open question, and the photoinduced variation of
the dielectric permittivity in Zn:LaAlO3 is only approximately
7%.

In the present study, we demonstrate a markedly enhanced
PDE in reduced polycrystalline RLAO, which is synthesized
in a weak reducing atmosphere. The dielectric permittivity
of this material is significantly enhanced over the frequency
range from 102 to 106 Hz under photoirradiation with an inci-
dent photon energy of 3.4 eV. The simultaneous incremental
dielectric loss is negligible, thereby indicating the intrinsic
nature of the observed PDE. The origin of the PDE may
stem from the dielectric response of photodoped localized
carriers that are trapped in deep in-gap states introduced by
the reduction synthesis. First-principles calculations show that
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these deep in-gap states originate from oxygen vacancies.
The present findings thus provide guidelines for exploring
novel dielectric materials with the PDE and support future
developments of innovative phototunable devices.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

LaAlO3 (LAO) and reduced LaAlO3 (RLAO) were fabri-
cated using a conventional solid-state reaction method. Stoi-
chiometric mixtures of La2O3 (3N, Kojundo Chemical Labo-
ratory Co. Ltd.) and Al2O3 (4N, Kojundo Chemical Labora-
tory Co. Ltd.) were ground in ethanol using an agate mortar
and pestle, and they were then pelletized by dry pressing to
diameters of 10 mm. The LAO and RLAO were synthesized
at 1673 K for 12 h in air and 1673 K for 12 h in a nitrogen
atmosphere, respectively. For the synthesis of RLAO, nitrogen
gas was introduced into the furnace with a flow rate of
300 ml min−1.

XRD measurements were performed at room temperature
using a Rigaku RINT-2200 diffractometer. The dielectric
properties were measured with an Agilent precision LCR
meter E4980A from 102 to 106 Hz. For the dielectric mea-
surements, the samples were polished to a thickness of 200
μm and gold electrodes were sputtered on both sides. The
thickness of the upper electrode was 300 Å, which was
semitransparent to the incident light (transmittance is around
50%). A light-emitting diode (LED) emitting photons with
energy of 3.4 eV (Hamamatsu Photonics K. K. LC-L2) and
a spectroscopic light source (Asahi Spectra Co. Ltd. MA-
X303) were used as the light sources. To measure the sample
temperature accurately during the PDE measurements, we
used a homemade system equipped with an infrared ther-
mometer (Keyence IT-02) that enabled monitoring of the
local temperature of the photoirradiated area throughout the
measurements [14,17]. The temperature of the sample surface
was precisely controlled using a Peltier temperature controller
(Funakoshi Co. Ltd. Model IC25) to maintain a similar sample
temperature in both the dark and photoirradiated states. Note
that the irradiated light covered the entire sample including
the electroded area.

First-principles calculations were performed using the pro-
jector augmented wave (PAW) method [18,19], as imple-
mented in the VASP code [20–23]. The configurations of the
valence electrons in the PAW potentials were 5s2 5p6 6s2 5d1

for La, 3s2 3p1 for Al, and 2s2 2p4 for O, respectively. The
HSEsol-type hybrid functional [21] was adopted in this study.
For a primitive cell of LAO, the cutoff energy of the plane-
wave basis sets and the mesh size for k-point sampling in
the Brillouin zone were set to 500 eV and �-centered 4 ×
4 × 4, respectively. The lattice constants and internal atomic
positions were fully optimized until all residual forces became
<0.02 eV Å−1. The optimized lattice constants for a conven-
tional hexagonal cell were a = 5.325 Å and c = 12.975 Å. In
comparison with data from the literature [24], our HSEsol
calculation underestimated the lattice constants of LAO by
about 1%.

To evaluate the formation energies of the point defects,
supercell models were constructed from a hexagonal conven-
tional unit cell of LAO; the size of the supercell was 2 × 2 ×
1 of the unit cells including 120 atoms. In the calculations for

the supercells, the cutoff energy for the plane-wave basis sets
was 400 eV, and one k point of ( 1

4
1
4

1
4 ) was sampled in the

Brillouin zone.
The formation energies of the point defects were evaluated

as [25]

Ef (Dq) = {Esup(Dq) + Ecorr (D
q)} − Eperfect

sup

−
∑

i

�niμi + q(εVBM + �εF), (1)

where Esup(Dq) and Eperfect
sup are the total energies of a defect

supercell that includes point defect D in charge state q and
of a perfect supercell, respectively. Ecorr (Dq) is the image-
charge correlation for charged defects. The energies of charge-
defect supercells were corrected using the extended Freysoldt-
Neugebauer–Van de Walle (FNV) scheme developed by Ku-
magai and Oba [25–27]. The quantities μi and �ni are the
chemical potential and the difference in the numbers of atoms
i between the defect and perfect supercells, respectively. For
interstitial (vacancy) defects, �ni is positive (or negative).
The quantity εVBM is the energy level of the VBM, and �εF

corresponds to the Fermi energy as measured from εVBM.
The dielectric tensors were calculated via the linear-response
method [28] using the Perdew-Burke-Ernzerhof generalized-
gradient approximation [29]. The calculated values for the
ion-clamped dielectric tensors are εel

xx = εel
yy = 4.74, and εel

zz =
4.66. The ionic contributions were εion

xx = εion
yy = 19.58 and

εion
zz = 24.35.

The chemical potentials μi were determined under phase-
equilibrium conditions. First, RLAO was assumed to be
equilibrated in an oxygen atmosphere, and nonstoichiometric
conditions of the cations, where La2O3 or Al2O3 coexists with
LaAlO3, were taken into account. For La2O3-rich conditions,
the following relations hold for the total energies of the
coexisting phases and chemical potentials:

μLa2O3 = 2μLa + 3μO,

μLaAlO3 = μLa + μAl + 3μO,

μO2(g) = 2μO. (2)

We can uniquely determine the values of the chemical
potentials from the total energies of La2O3, LaAlO3, and
O2(g). When the Al2O3-rich condition was considered, the
total energy term for Al2O3 was substituted for that of La2O3.
Assuming that the oxygen behaves as an ideal gas, the value of
μO2 at a specified temperature and partial pressure were given
by [30]

μO2 (T, p) = EHSEsol
O2

+ �HO2 (T, p0)

− T SO2 (T, p0) + kBT ln
p

p0
, (3)

where EHSEsol
O2

is the total energy of an O2 molecule at 0 K
calculated using our HSEsol calculations, and the thermody-
namics parameters such as the enthalpy �HO2 (T, p0) relative
to that at 0 K and the entropy SO2 (T, p0) at temperature T and
pressure p0 are taken from Ref. [31].
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III. RESULTS AND DISCUSSION

The crystallographic phases of the sintered samples were
identified via x-ray diffraction (XRD) measurements. Figure
S1 (see Supplemental Material [32]) compares the XRD pat-
terns of the polycrystalline RLAO and LAO at room tem-
perature and the simulated pattern generated via RIETAN-FP

[33], using the lattice parameters of LaAlO3 reported previ-
ously [24]. Both patterns are in excellent agreement with the
calculated pattern, indicating rhombohedral symmetry (space
group R3̄c) for all samples. A slight impurity phase of La2O3

was observed in RLAO, and the diffraction peaks for this
phase are marked with asterisks in Fig. S1 [32]. This impurity
may be caused by compensation for oxygen vacancies formed
under the reducing conditions. The simultaneous generation
of an Al2O3 impurity is also likely, although it was not
detected, probably because of its weak intensity.

Figure 1 shows frequency dispersion of a real part (ε′, top
panel) and an imaginary part (ε′′, bottom panel) of complex
permittivity, which were observed in (a) RLAO and (b) LAO,
respectively. Circles and squares in the panels represent data
points observed in dark and irradiated states, respectively.
In the irradiated states, the samples were illuminated using
the LED with an irradiation intensity of 175 mW cm−2 on
the sample. Note that the energy of the photons, 3.4 eV
(λ = 365 nm), was chosen to be smaller than the band-gap
energy of LAO (Eg = 5.6 eV) [34]. The sample temperature
was kept at 340 K using a Peltier temperature controller in
both the dark and irradiated states. As shown in Figs. 1(a)
and 1(b), ε′ and ε′′ in the dark state are similar between
RLAO and LAO (ε′ ∼ 20) over the frequency range observed
in the present study. Note here that, in tanδ(≡ ε′′/ε′) which
indicates energy loss of charge/discharge, as presented in Fig.
S2 (see Supplemental Material [32]), a broad peak is observed
around 105 Hz in RLAO. This peak possibly stems from the
Maxwell-Wagner effect owing to the spatial inhomogeneity
of the conductivity between grains and grain boundaries [35]
or from the depletion layers at the sample-electrode interfaces
owing to Schottky contact [36]. Since the peak is very weak,
the possible inhomogeneities would have negligible influence
on the insulating property of the material. Under the photoir-
radiation, on the other hand, a significant enhancement of the
dielectric permittivity ε′ of RLAO is found over the entire
frequency range up to 106 Hz as clearly shown in the top panel
of Fig. 1(a). In particular, the enhancement at 106 Hz reaches
approximately 100%, which is more than ten times greater
than those reported for Zn:LAO [14]. In the photoirradiated
state, as seen in the figure, ε′ shows a similar frequency disper-
sion as that observed in the dark state. This result suggests that
the photoinduced component has little frequency dispersion
at least until the upper frequency limit of the present study
of 106 Hz. The photoinduced component would decay in the
higher-frequency range to show the corresponding dielectric
relaxation. As presented in the bottom panel of Fig. 1(a), the
photoinduced increment of the imaginary part is significantly
weak compared to that of the real part. A relative change of
the imaginary part can be discerned more clearly in the inset
of Fig. 1(a) with a magnified scale. As shown in the inset,
the imaginary part increases under the photoirradiation by
1–2 in the high-frequency region. Though growth rate of the

FIG. 1. The frequency dispersion of the dielectric properties
observed in (a) reduced LaAlO3, and (b) LaAlO3, based on measure-
ments taken shortly after illumination is turned on. Top and bottom
panels show a real part and an imaginary part of complex dielectric
permittivity, ε′ and ε′′, respectively. Circles and squares in the figure
denote data observed in the dark state and the photoirradiated state,
respectively. The insets in panels (a,b) show the imaginary part of
complex dielectric permittivity in a magnified scale.

imaginary part is somewhat larger than that of the real part, the
quantitative increase is an order of magnitude smaller than the
real part’s; thereby enhancement of tanδ is modest as shown
in Fig. S2 (see Supplemental Material [32]). Furthermore, as
shown in the inset of Fig. 1(a), only slight enhancement due to
the Drude component, which generally grows divergently as
the frequency approaches zero, is found in the low-frequency
region below 103 Hz under the photoirradiation. This result
suggests that there is a negligible contribution of photocon-
duction that causes undesired leakage current. Note that the
broad peak of tanδ observed in the dark state shifts to lower
frequencies under photoirradiation as shown in Fig. S2 [32].
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FIG. 2. (Top panel) A transient change in the real part of complex
permittivity ε′ for reduced LaAlO3 observed under the photoirradi-
ation with blinking LED. (Bottom panel) A transient change in the
sample temperature measured using an infrared thermometer during
the photoirradiation. The shaded regions in the panels denote the
photoirradiated states.

Should the broad peak be caused by the Maxwell-Wagner
effect, the peak frequency of tanδ, fpeak, is given by fpeak ∝
(Rb + Re )/RbRe(Cb + Ce ) [35,37]. Here, Rb and Cb, respec-

tively, denote resistance and capacitance in the regions where
photoexcited carriers exist. Re and Ce, respectively, denote
resistance and capacitance in the barrier layers caused by fac-
tors such as grain boundaries and sample-electrode interfaces.
The number of conductive carriers generally increases under
photoirradiation, and the increment of carriers decreases the
resistance Rb. This causes fpeak to shift to higher frequencies
according to the formula above. This behavior, however, is
incompatible with the present results. The shifting of fpeak to
lower frequencies indicates that photoirradiation enhances the
capacitance Cb, and this result strongly indicates an intrinsic
origin for the photoinduced enhancement of the permittivity
discovered in RLAO. In marked contrast, the dielectric prop-
erties of LAO remain unchanged under photoirradiation, as
shown in Fig. 1(b).

The switching property of the PDE in RLAO was inves-
tigated using the blinking LED with the irradiation intensity
of 175 mW cm−2 on the sample. The top panel in Fig. 2
shows the transient variations of ε′ measured at 106 Hz. A
simultaneous change in local temperature of the irradiated
area is presented in the bottom panel for reference. As shown
in the bottom panel, the sample temperature in the irradiated
area increases immediately after switching on the LED. Al-
though the temperature remains nearly constant during the
photoirradiation, the value of ε′ gradually increases with time,
confirming that the enhancement of dielectric permittivity in
RLAO is never caused by local heating due to the photoir-
radiation. Once the LED is turned off, ε′ rapidly decreases
by around 30% and then gradually decays with time. This
demonstrates that the transient and persistent components
provide two different contributions to the PDE in RLAO.

FIG. 3. The magnitude of PDE at 320 K measured under the
photoirradiation of various photon energies.

Multiple contributions from photoexcited carriers with differ-
ent relaxation processes were also suggested in the previous
study of Zn:LAO [14]. Note that by 15 000 s after the first
irradiation, the persistent change in ε′ asymptotically reaches
approximately 340% of its initial value.

Figure 3 shows the magnitude of PDE at room temperature,
which is defined by (ε′

Photo − ε′
Dark )/ε′

Dark, as a function of
the irradiated photon energy, where ε′

Photo and ε′
Dark are the real

part of dielectric permittivity at 106 Hz measured in the pho-
toirradiated and in the dark states, respectively. Intensity of
the irradiated light was fixed at 0.04 mW cm−2 on the sample
for each photon energy. As shown in the figure, the magnitude
of PDE steeply grows as the photon energy increases from
3.5 eV, whereas it is negligibly weak in the range below
3.5 eV. This result suggests the existence of deep in-gap states
more than 3.5 eV above the valence-band maximum (VBM).
The observed threshold energy of irradiated photons to induce
PDE is in good agreement with those obtained for Zn:LAO
[14].

To clarify the origins of the in-gap states, optical transition
energies for several types of defects expected in LAO were
investigated with the first-principles calculations. The band-
gap energy obtained in the present calculations is 5.50 eV,
as shown in Fig. 4, which is in excellent agreement with
the experimental value of 5.6 eV [34]. Two types of optical
transitions were considered in the present study: excitation
of electrons from occupied defect states to the conduction-
band minimum, and excitation of electrons from the valence-
band maximum to unoccupied defect states. Optical transition
energies were calculated from the defect formation energies
of the initial and final charge states. Based on the Franck-
Condon principles, the atomic positions of final charge states
were set to be the same as those of initial charge states [38].
Figures 4(a)–4(c) show optical transition energy diagrams for
several possible defect states in LAO. Symbols of VA and
Ai (A = La, Al, or O) denote vacancy and interstitial defect
states for A, respectively. LaAl (AlLa), on the other hand,
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FIG. 4. Optical transition energies calculated for various defect
states expected in LaAlO3 including (a) vacancy, (b) cation antisite,
and (c) interstitial-type defects.

indicates a cation antisite defect, where a La site (Al site) is
occupied by Al (La). As shown in Fig. 4, the energy levels
of the cation vacancies (VLa and VAl) are much shallower
than the levels caused by the oxygen vacancies (VO). These
trends are in good agreement with previous results for cubic
LAO (space group Pm3̄m) [39]. The cation antisite defects
of LaAl and AlLa never create deep in-gap states as presented
in Fig. 4(b). As shown in Fig. 4(c), on the other hand, three
defect states due to Lai locate at 3.99–5.19 eV above the
VBM, whereas those for Ali are around 4.21–5.38 eV above
the VBM. Since the optical transition energies due to VO

(+2/+1), Lai (+3/+2), and Ali (+3/+2) are relatively close
to the threshold energy of 3.5 eV to induce PDE compared
to the others’, these defect states are potential candidates that
play an important role in the observed PDE.

Figures 5(a) and 5(b) present the formation energies of the
various defects as a function of the Fermi energy; they are
calculated for La2O3-rich and Al2O3-rich conditions, respec-
tively. Calculations were performed with a partial pressure
of oxygen, pO2 , of 10−5 atm and a temperature of 1700 K

FIG. 5. Formation energies of various defects in LaAlO3 plotted
as a function of Fermi energy, which were calculated in (a) La-
rich and (b) Al-rich conditions. Energy levels for a valence-band
maximum (VB-Max) of 0.0 eV and a conduction-band minimum
(CB-Min) of 5.5 eV are indicated by arrows in panel (b).

that is nearly equal to the present synthesis temperature of
1673 K for RLAO. The slope of the line reflects a charge
state of defect, where the positive or the negative sign of
each slope represents donor or acceptor type for the defects,
respectively. Inflection points on the lines denote thermal
transition energies between the different charge states [38].
Assuming charge neutrality, majority defects are obtained
from intersections of the lines of the positively and negatively
charged defects with the lowest formation energies. It can be
found in Fig. 5(a) that the most stable defect combination
that satisfies charge neutrality under the La-rich condition
is a Schottky-type defect of 3V··

O + 2V′′′
La, the corresponding

intersection of which is located at approximately 3 eV above
the VBM. This result is consistent with the results of XRD
shown in Fig. S1 (see Supplemental Material [32]), in which
the impurity peaks of La2O3 are detected even though the
RLAO was synthesized with a stoichiometric powder mixture.
The La2O3 impurity implies that La vacancies were generated
to compensate charge unbalance due to oxygen vacancies
introduced by the reduction synthesis. Since the Schottky
defects 3V··

O + 2V′′′
La occur with almost the same formation

energy as that for 3V··
O + 2V′′′

Al, generation of 3V··
O + V′′′

La +
V′′′

Al is also likely. Also in the Al-rich condition, as shown
in Fig. 5(b), the Schottky defects 3V··

O + 2V′′′
La are more
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preferable. The formation energies of cation interstitials La·
i

and Al·i, which are the other candidates for the in-gap states
effective to the observed PDE, on the other hand, are much
higher than that for V··

O as shown in Fig. 5. More specifically,
the formation energies of the cation interstitials are higher
than 8 eV at the Fermi energy of around 3 eV at which the
Schottky defects 3V··

O + 2V′′′
La form, whereas that for V··

O is
smaller than 3 eV. Therefore, the in-gap states due to cation
interstitials, La···

i and Al···i , can be too scarce to contribute
to the PDE observed in RLAO. Though many defect states
are expected to be introduced in RLAO, the complementary
results of the transition energy and the defect formation
energy suggest that the oxygen vacancy plays a significant
role in the PDE observed in RLAO. Note that, on increasing
photon energy of the irradiated light, it is possible for the
other optical transitions to take part in the PDE. In such a case
also, the oxygen vacancy is a primary agent, judging from the
energy diagram shown in Fig. 4. Compared to the observed
threshold energy of irradiated photons to induce PDE, the
theoretically obtained transition energy of VO (+2/+1) is
overestimated. This would be due to finite temperature effects
such as thermal expansion and lattice vibration, which are not
taken into account in our first-principles calculations.

According to the results of the present experiments and
calculations, a plausible origin for the PDE is the dielectric
response of a photoinduced electric dipole that stems from
photoexcited electrons trapped at the defect states of oxy-
gen vacancies, as also proposed in previous studies [14,40].
Conventional wisdom holds that photoinduced electrons func-
tion as conductive carriers under the application of electric
fields, a phenomenon known as photoconductivity [41]. For
RLAO, however, the photoinduced electrons are expected
to be strongly localized in the in-gap states. Furthermore,
the simultaneously created holes would also be localized,
since the VBM in LAO mainly comprises flat bands owing
to oxygen 2p orbitals. The weakly dispersive characters of
the in-gap states and the VBM are shown in the supporting
information (Figs. S2–S4 in the Supplemental Material [32]).
Such strongly localized carriers would form the electron-
hole pairs, which behave as electric polarization under the
application of an electric field rather than conductive carriers.
The small variation of tanδ under the photoirradiation is also
consistent with the nonconductive feature of the photoexcited

carriers, because tanδ would increase markedly in the low-
frequency region if the photoexcited carriers are conductive.
The individual origins for the transient and persistent com-
ponents of the PDE are still unclear; however, they can be
understood as counterparts of the transient and the persistent
photoconductions if the proposed mechanism for the PDE
is correct. In this sense, the PDE and photoconductivity are
two sides of the same coin. They are distinguished by a
difference in mobility of the photoexcited carriers owing to
the character of the trapping defect states. The PDE is thus
regarded as a novel internal photoelectric effect due to the
localized photoexcited carriers. Further development of the
PDE would thus be a matter of defect engineering.

IV. CONCLUSION

In summary, we have demonstrated the large photoinduced
enhancement of the dielectric permittivity in reduced LaAlO3

under photoirradiation. The dielectric permittivity is enhanced
up to approximately 340% at 106 Hz with less incremental
dielectric loss (tanδ). The excitation-energy dependence of the
PDE in reduced LaAlO3 suggests the existence of deep in-
gap states at around 3.5 eV above the VBM. First-principles
calculations have shown that the deep in-gap states stem
from oxygen vacancies introduced by reduction synthesis. We
consider that the large PDE in reduced LaAlO3 is caused
by the dielectric response of photoinduced dipoles, which
are composed of strongly localized photoexcited carriers.
The present findings provide an alternative functionality for
dielectric materials and point towards the development of
innovative opto-dielectric devices.
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