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Abstract. The effects of doped acceptor ions on proton diffusion in the protonic conductor
Sc-doped SrTiO3 are studied by means of a first-principles molecular-dynamics simulation. It is
found that the proton forms an O–H bond with the neighbouring O ion, and that the frequency
of the O–H stretching vibration depends on the position of the proton in the crystal. The
frequencies obtained from our simulations are consistent with the experimental results obtained
from the infrared-transmission spectra. It is shown that the position dependence of the O–H
stretching vibration is caused by the electron density distribution in the Sc-doped SrTiO3. Near
the Sc ion, electrons tend to localize around each ion causing higher frequencies, while, near
the Ti ion, the electron density between the Ti and O ions is larger than that in the undoped
crystal, giving lower frequencies.

1. Introduction

The importance of high-temperature proton-conducting solids has been emphasized for a
wide variety of electrochemical applications such as in fuel cells and hydrogen sensors.
Since SrCeO3-based protonic conductors, which exhibit protonic conduction at high
temperatures, were discovered by Iwaharaet al [1], several perovskite oxide solid solutions
have been found to be high-temperature protonic conductors, and extensively studied
experimentally with a view to applications [2]. However, the mechanism of proton migration
in the materials has not yet been clarified, though there have been some attempts made [3].
The purpose of our study is to investigate, by means of a first-principles calculation, the
microscopic mechanism of proton migration, including features such as stable positions,
probable migration paths of protons and effects of doped acceptor ions on these properties
for perovskite oxides.

Recently, Sataet al [4] carried out several experimental measurements in order to
investigate the mechanism of large-protonic conduction in heavily Sc-doped SrTiO3, which
is a typical perovskite oxide. Among the perovskite oxides, this is one of the most suitable
materials for studying the stable position of a proton experimentally, because its crystal
structure is simple. Sataet al performed neutron diffraction measurements, and found that
the proton is bound by the oxygen ion with the O–H distance being about 1.2Å as if
the proton makes a hydrogen bond between the two oxygen ions. They also measured
the infrared-transmission spectra in the energy region of the O–H stretching vibration, and
found that the absorption dip due to the O–H stretching vibration in the Sc-doped SrTiO3 is
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broad and spreads over 500 cm−1 around the dip at 3300 cm−1, while the O–H stretching
energy in the undoped crystal is about 3500 cm−1 and is observed as a very sharp absorption
dip. The broad absorption suggests that more than one stable position of the proton exists
in the Sc-doped SrTiO3. Sataet al have confirmed the high protonic conduction by means
of ac-conductivity measurements.

On the other hand, there have been some theoretical attempts to clarify the mechanism
of proton migration in materials [5–8]. Cherryet al [6] have investigated the mechanism
and energetics of proton migration in a perovskite oxide, LaAlO3, by means ofab initio
quantum mechanical cluster calculations. They have optimized the geometry of the ions.
In the ground state, the proton is bound to an O ion, and moves away from the Al ion,
and the neighbouring O ion is drawn toward the proton. In the barrier state, in which the
proton is equidistant between two adjacent O ions, both O ions are drawn toward the proton.
Cherryet al have also calculated the energy barrier to the proton transfer as the difference
in energy between the ground state and the barrier state.

More recently, Shah and co-workers [7, 8] have studied tritium diffusion in lithium
oxide, which has not a perovskite structure but an antifluorite structure, by means of first-
principles pseudopotential calculations. They calculated the total energies of the relaxed
structures with the various positions of tritium along the supposed diffusion pathways. It
has been shown that, if there is no lithium vacancy, the tritium (T) is at an interstitial
site, and forms an O–T bond at a distance of about 1Å and, furthermore, this interstitial
tritium can move freely around this single O ion. Shah and co-workers proposed that the
most probable migration path of the interstitial tritium is identified as a jump between the
nearest-neighbour O ions. These features of tritium diffusion seem to be closely related
to those of the proton diffusion in perovskite oxides investigated in this work, though the
crystal structures are different.

In our previous paper [9], we studied the stable positions of a proton in Sc-doped SrTiO3

by means of first-principles pseudopotential calculations. It has been shown that, in a stable
ionic configuration, the position of the proton is between two neighbouring O ions, and the
proton is bound to one O ion with an O–H bond length of about 1.03Å; this looks like
a hydrogen bond. This is consistent with the result of the neutron diffraction experiments
reported by Sataet al [4] described above. The position of the proton, obtained by our
calculations, is on the opposite side of the Ti (Sc) ion with respect to a line connecting
the two adjacent O ions, whereas it was concluded from the experiments that it is slightly
closer to the Ti-ion (Sc-ion) site. This minor difference may be caused by oxygen vacancies
not being introduced in our calculations, though there are some oxygen vacancies in real
materials, and by the stable positions of a proton being obtained by a steepest-descent
optimization of the ionic configurations, and hence our results being concerned with zero
temperature, while the experimental results include the effects of finite temperature.

So far, almost all theoretical studies on the mechanism of proton migration in materials
have been carried out by calculating the energy of the system, assuming or optimizing the
ionic configurations as stated above. However, to investigate the microscopic mechanism
of proton migration in more detail, theoretical studies including finite-temperature effects
are indispensable. In this paper, we report the results of a first-principles molecular-
dynamics (MD) simulation of proton diffusion in Sc-doped SrTiO3. The purposes of our
MD simulation are (i) to clarify the probable migration paths of a proton, (ii) to examine
the dynamic process of the proton migration in the crystal and (iii) to investigate the effects
of dopant Sc ions on the proton migration. Though some of the preliminary results of our
simulations have been published elsewhere [10], the effects of the dopant Sc ion on the
dynamic properties of the proton have not been clarified so far. In this paper, we detail the
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results of our first-principles MD simulations in investigating the microscopic mechanism
of the proton diffusion in the Sc-doped SrTiO3. The method of calculation is described
briefly in section 2. Our work is extended for focusing on how the dopant Sc ions affect
the proton migration in the crystal. The results of our simulation and a discussion are given
in section 3. Finally section 4 summarizes our work.

2. The method of calculation

Our calculations are performed within the framework of the density functional theory in the
local density approximation [11]. Electronic wavefunctions are expanded in the plane-wave
(PW) basis set. The energy functional is minimized using an iterative scheme based on the
preconditioned conjugate-gradient method [12–14].

For a conventional norm-conserving pseudopotential [15], a high PW cut-off energy is
needed for systems which include first-row or transition metal elements. For this reason,
in the present study, we use the ultrasoft pseudopotential proposed by Vanderbilt [16] for
reducing the computational cost. The Vanderbilt pseudopotential has the following two
desirable features. First, we can generate a separable pseudopotential directly without
constructing a semilocal one. Second, since the usual norm-conservation constraint is
removed, the pseudo-wavefunctions can be constructed so as to be as soft as possible
within the core region. The atomic valence configurations treated in generating the pseudo-
potentials are Sr(4s24p65s1), Ti(3s23p63d14s2), Sc(3s23p63d04s2), O(2s22p4) and H(1s12p0).

Using the Nośe–Hoover thermostat technique [17, 18], the equations of motion are
solved via the velocity Verlet algorithm with the time step1t = 0.48 fs. The cubic
supercell contains 41 atoms, 8(SrTi1−xScxO3)+H, with periodic boundary conditions. The
MD simulations are carried out for two systems; i.e. for undoped SrTiO3 (x = 0) and for Sc-
doped SrTiO3 (x = 1/8). The side of the cubic supercell is 7.81Å, which is chosen so as to
be consistent with the experimentally determined lattice constant of bulk SrTiO3 [19]. Only
Bloch functions at the0 point are used. The PW cut-off energy is 25 Ryd, which gives a
good convergence of the total energy. We confirmed that the lattice constant of bulk SrTiO3

calculated using these parameters is in reasonable agreement with the experimental value.
Several MD simulations are performed with various initial positions of the proton. Each
simulation is carried out for about 1 ps and at the temperature of 1000 K. The optimized
structure is used as the initial configuration of the ions. The initial charge density for each
MD step is estimated by extrapolating the charge densities for the previous steps [13], and
the initial wavefunctions are estimated from the wavefunctions for the previous steps by a
subspace diagonalization [12].

3. Results and discussion

3.1. The electronic density of states

Using the stable ionic configuration [9], the electronic density of states (DOS) is calculated,
and is shown in figure 1, where the total and the partial DOS for the Sc-doped SrTiO3

are displayed. The angular momentum dependence of the DOS is calculated by projecting
corresponding wavefunctions using the spherical harmonics whose centre is the position of
each ion, and the peaks of each partial DOS are characterized by the angular momentum
around each ion. The partial DOS for the Sr ion consists of two sharp peaks at about−34
and−16 eV, which correspond to the 4s and 4p states of Sr ion, respectively. As for the
partial DOS for the Ti (or Sc) ion, two sharp peaks at about−57 (−47) and−33 (−27)
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Figure 1. The total and partial electronic density
of states for Sc-doped SrTiO3 in which a proton is
introduced in its stable position.

Figure 2. The partial electronic density of states for an
O ion bound to a proton in Sc-doped SrTiO3.

eV correspond to the 3s and 3p states of the Ti (Sc) ion, respectively, and broad peaks
at about−17 and−4 eV have p and d character, respectively. The partial DOS for the
O ion consists mainly of two broad peaks at about−17 and−4 eV, which have s and
p character, respectively, and the broadness is caused by the 2s(O)–4p(Ti or Sc) and the
2p(O)–3d(Ti or Sc) hybridization. It should be noted that the peak of the partial DOS for the
Ti ion at about−4 eV is larger than that for the Sc ion, which means that the 2p(O)–3d(Ti)
hybridization is stronger than the 2p(O)–3d(Sc) hybridization. This affects the mechanism
of proton migration, which will be clarified later.

There are two sharp peaks in the partial DOS for the proton at about−20 and−8 eV,
and the partial DOS for the O ion has small peaks at the same energy. Since these peaks
appear only in the partial DOS for the O ion bound to the proton as shown in figure 2, they
are bound states related to form the O–H bond. When the DOS is calculated for the barrier
state in which the proton is equidistant between two adjacent O ions, the sharp peaks of
bound states appear in the partial DOS for both O ions as well as for the proton. This
means that the proton is partially bonded to the two O ions. It is, therefore, probable that
the proton migrates from one O ion to another with no significant bond breaking. This
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Figure 3. The time evolution of the electron density distributionρ(r) with the proton diffusion
around the O ion.ρ(r) is displayed in the (100) plane including the proton at each time. With
increase inρ(r), the colour is changed to deep blue, blue, green, yellow and red. The small red
ball shows the position of the proton, and the white, green and blue balls show the positions of
the O, Ti and Sc ions, respectively.

probability will be confirmed by investigating the time evolution of the electron density
distribution with the proton diffusion, as shown in the next section.

3.2. The time evolution of the electron density distribution

In our first-principles MD simulations, we observe two types of diffusion path: one is a
diffusion around an O ion and the other is a diffusion between the two neighbouring O ions.



290 F Shimojo et al

Figure 4. The time evolution of the electron density distributionρ(r) with the proton diffusion
between the two neighbouring O ions. Refer to the caption of figure 3.

Figures 3 and 4 show the time evolution of the electron density distributionρ(r) for typical
cases of the proton diffusion.ρ(r) is displayed in the (100) plane including the proton at
each time. With increasingρ(r), the colour is changed to deep blue, blue, green, yellow
and red. The small red ball shows the position of the proton, and the white, green and blue
balls show the positions of the O, Ti and Sc ions, respectively. As shown in figure 3, the
proton, which stays in a stable position and is bound to an O ion att = 0 fs, migrates
around the O ion from site to site. It is found that the time required for this process is
about 20 fs, and the O–H bond is retained during the migration. On the other hand, we can
see, from figure 4, that the proton migration between the two neighbouring O ions occurs
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Figure 5. The time evolution of the O–H distances (a) near a Ti ion and (b) near a Sc ion for
t = 300 fs. In each figure, the distances between the proton and the first-, the second- and the
third-neighbour O ions att = 0 fs are shown by solid, dashed and dotted lines, respectively.

while switching the O–H bond, and in a shorter time, i.e. less than 10 fs in this case. As
expected, the situation in which the proton is partially bonded to two adjacent O ions is
actualized in dynamic simulations as displayed in the figure att = 9.6 fs.

3.3. The microscopic mechanism of proton diffusion

In order to investigate the proton diffusion in more detail, we calculate the distance between
the proton and each O ion as a function of time. Figure 5 shows the time evolution of the
O–H distances for 300 fs for the proton (a) near the Ti ion and (b) near the Sc ion in the
Sc-doped SrTiO3. The proton is considered to be near the Ti ion or near the Sc ion when
it is bound to an O ion which neighbours two Ti ions or at least one Sc ion, respectively.
In each panel, the distances between the proton and the first-, the second- and the third-
neighbour O ions att = 0 fs are shown by the solid, dashed and dotted lines, respectively.
The origin of time does not correspond to the start of the simulation. The small oscillation
at around 1Å corresponds to the O–H stretching vibration, and the proton diffusion is
recognized by a gradual increase or decrease of the O–H distances. It is found from these
figures that the proton migration between the two neighbouring O ions accompanied by
switching of the O–H bond occurs frequently in the Sc-doped crystal, i.e. att = 50, 110,
130 and 280 fs in figure 5(a) and att = 20, 110 and 160 fs in figure 5(b). In the simulation
for the undoped crystal, this type of migration seldom occurs. Therefore, it is considered
that, in the Sc-doped crystal, the O–H bond becomes weak because of the presence of
the acceptor ions, and the proton migrates more easily as compared with the case for the
undoped crystal.
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Figure 6. The power spectrumZ(ω) of the velocity–velocity autocorrelation function of the
proton; (a)Z(ω) for the proton near a Ti ion, (b)Z(ω) for the proton near a Sc ion in Sc-doped
SrTiO3 and (c)Z(ω) for the proton in undoped SrTiO3. In each panel, the solid and dashed
lines correspond to stretching and bending motion, respectively.

It should be noted that the O–H stretching vibration continues during the proton diffusion
near both the Ti and Sc ions, and the amplitude of the vibration near the Ti ion is larger than
that near the Sc ion. To investigate the frequency distribution of the vibrating motion, the
velocity–velocity autocorrelation functionZ(t) and its power spectrumZ(ω) are calculated
for the proton. It is found thatZ(ω) is mainly characterized by two peaks at low frequency
(about 1000 cm−1) and high frequency (about 3000 cm−1). We separate the velocity of
the proton into two components, parallel and perpendicular to the O–H bond, and calculate
Z(t) for each component so as to identify each peak ofZ(ω). Figures 6(a) and 6(b) show
the spectrumZ(ω) of the proton near the Ti ion and near the Sc ion, respectively, for the
Sc-doped SrTiO3. For comparison, the spectrumZ(ω) of the proton in the undoped SrTiO3

is shown in figure 6(c). In each panel, the solid and dashed lines correspond to stretching
and bending motions, respectively. We note that theZ(t) obtained by our simulations have
some oscillations at larget , since the simulation time is not long enough for us to obtain the
time-correlation functions precisely. This affects mainly the peak widths of the spectrum
Z(ω) and, therefore, we discuss its peak positions only. From these figures, we can see
that the frequency of the O–H stretching vibration is about 2800 and 3000 cm−1 near the
Ti and Sc ions, respectively, while it is about 3400 cm−1 in the undoped SrTiO3. These
results are consistent with the infrared-transmission measurement of Sataet al [4]. They
have found that the absorption of the O–H stretching in Sc-doped SrTiO3 is very broad,
which suggests that more than one stable position of the proton exists in the Sc-doped
crystal. It is clarified that the broad absorption observed is due to the site dependence of
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Figure 7. The difference of the electron charge densitiesρ(r) of undoped and Sc-doped SrTiO3.
The difference along the (100) line including Ti, Sc and O ions is shown. The positive values
mean thatρ(r) for the Sc-doped crystal has larger values than that for the undoped crystal.

the O–H stretching vibration. The frequency 3400 cm−1 for the undoped crystal is larger
than that for the Sc-doped crystal and is in good agreement with the experimental value,
3500 cm−1 [4].

As clarified above, the proton diffusion near the dopant Sc ion is clearly different from
that near the Ti ion. To investigate an origin of this difference, we calculate the difference
of the electron charge densitiesρ(r) of the undoped and Sc-doped SrTiO3, in which the
proton is not introduced to avoid complexity. Figure 7 shows the difference of theρ(r)

along the (100) line including the Ti, Sc and O ions, where positive values mean that the
ρ(r) for the Sc-doped crystal has larger values than that for the undoped crystal. It is found
that, for the Sc-doped crystal, there is a tendency forρ(r) to localize around the Sc ion
and its neighbouring O ions whileρ(r) between the Ti and O ions is larger than that in
the undoped crystal. The electron localized around the O ion near the Sc ion will make the
O–H bond stronger. This causes the frequency of the O–H stretching vibration near the Sc
ion to be higher than that near the Ti ion.

4. Summary

In this paper, we have detailed our investigations into the microscopic mechanism of proton
diffusion in Sc-doped SrTiO3 by means of a first-principles molecular-dynamics simulation.
Two types of diffusion path are observed; one is the diffusion around an O ion while
retaining the O–H bond and the other is the diffusion between two neighbouring O ions
while switching the O–H bond. During the former type of diffusion, the O–H stretching
vibration proceeds and the length of the O–H bond is almost unchanged. The latter type
of diffusion occurs frequently and quickly. The time evolution of the electron density
distribution with the proton diffusion is investigated in detail. It is found that the proton
almost always forms an O–H bond with the neighbouring O ion, and the frequency of the
stretching vibration of the O–H bond depends on the position of the proton in the crystal.
The frequencies are about 2800 cm−1 and 3000 cm−1 near the Ti ion and the Sc ion,
respectively, in the Sc-doped SrTiO3, whereas the frequency is about 3400 cm−1 in the
undoped SrTiO3. These values are consistent with the experimental results obtained from
the infrared-transmission spectra. It is shown that the position dependence of the O–H
stretching vibration is caused by the electron density distribution in the Sc-doped SrTiO3.
Near the Sc ion, electrons tend to localize around each ion causing the higher frequency,
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while, near the Ti ion, the electron density between the Ti and O ions is larger than that in
the undoped crystal, giving the lower frequency.
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