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A giant Seebeck coefficient of �890 lV/K at 500 �C has been observed in
Y0.2Sr0.8TiO3 prepared using nanocubes. Doping rare earth elements, RE, has
revealed that small RE is effective to enhance the Seebeck coefficient. Through
soft mode observations by Raman spectroscopy and structural calculations
based on density functional theory, it has been found that the breakdown of
inversion symmetry of the perovskite structure near the surface of nanocubes
can be recovered by doping with small RE. Because the dielectric constant is
strongly related to the surface structure in this compound, we suggest that RE
doping modulates the potential barrier at the grain boundary, resulting in a
pronounced energy filtering effect in Y doped SrTiO3.
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INTRODUCTION

Strontium titanate, SrTiO3, crystallizes in a cubic
perovskite structure. In this structure, the Sr atoms
construct a simple cubic lattice and a TiO6 octahe-
dron occupies the center of the cubic lattice, in
which oxygen is located at the face-center positions.
Reflecting this cubic lattice, it is possible to shape
nanoparticles of SrTiO3 into the cubic form, namely
nanocubes.1,2 Along with their particular shape,
nanocubes are also characterized by uniform parti-
cle size, so that a set of nanocubes will self-assemble
into an ordered structure with an adequate pro-
cessing method.3 Electron diffraction of SrTiO3

nanocubes has proved the surface to be (001)1 which
can be terminated by either TiO2 or SrO layers. In
more detail, the regular TiO6 octahedron is sug-
gested to be distorted due to surface relaxation near
the (001) surface, which is predicted by first prin-
ciples calculation.4 Indeed, the Raman spectrum of
such nanocubes shows first order Raman scattering
despite the fact that the centrosymmetric cubic
structure of SrTiO3 is not Raman active, indicating

permanent surface dipole originating in the break-
down of inversion symmetry near the surface.5 Such
a permanent surface dipole modifies the dielectric
properties near the surface.

This distortion of octahedra near the surface
should cause energy splitting of triply degenerate Ti
3d orbitals, resulting in a reduction in effective
mass.6 Therefore, if the density of state near the
surface dominates the transport properties, the
absolute value of the Seebeck coefficient should
decrease compared with that of the bulk material.
Conversely, if the potential barrier at the surface
tunes the Seebeck coefficient as predicted by the
energy filtering effect,7 the distinctive surface
structure could play an important role because the
potential barrier height is modulated by dielectric
properties and carrier concentration.

The surface is also crucial in controlling phonon
thermal conductivity, which is significantly lowered
through boundary scattering. The influence of grain
size on the thermal conductivity of SrTiO3 suggests
Kapitza resistance of grain boundary to phonon
transfer.8

Thus, the present paper focuses on the influence
of surface structure on the thermoelectric properties
of nanocube SrTiO3. It has been observed that the
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structure of TiO6 is modified by Sr-site doping in the
homologous compound of SrTiO3.6 Likewise, we
assume that the surface structure is changed by the
doping. We show that the absolute value of Seebeck
coefficient of nano-grained SrTiO3 inversely
increases with the ionic radius of the Sr-site dopant,
and discuss the results in relation to the surface
structure determined by Raman spectroscopy and
density functional theory (DFT).

EXPERIMENTAL

Nanocubes of rare earth (RE)-doped SrTiO3 were
synthesized by a hydrothermal synthesis method.
The nominal composition was chosen as RExSr1�x

TiO3 (x = 0, 0.1 or 0.2), in which La, Ce, Nd, Sm, Eu,
Gd, Tb or Y was doped as the RE element. The
details of the preparation of the undoped material
can be found elsewhere.1 Acetic acids of Sr and RE
dissolved in distilled water with stirring were used
as starting materials for the Sr-site. Bis(ammonium
lactate) titanium dihydroxide, hydrazine, and oleic
acid were then added to the solutions. Hydrother-
mal synthesis at 200 �C for 24 h resulted in a white
product. The white products were then annealed in
vacuum at 500 �C for 1 h to remove polymer sur-
factant on the surface. We noticed that the color of
the product changed to dark gray after the anneal-
ing. Densification was performed via high pressure
sintering in vacuum,10 for which a pressure of
2 GPa was applied at 500 �C. The obtained pellets
were 8 mm in diameter and 1 mm in thickness. The
pellets were finally annealed in a mixture of 5% H2

in Ar gas at 500 �C for 1 h before analysis to relieve
residual stress; otherwise, the thermoelectric prop-
erties tended to drift during measurement temper-
ature holding.

The Seebeck coefficient was measured from the
linear slope of the thermopower according to tem-
perature differences, and electrical resistivity was
measured using the four probe method (ZEM-1; UL-
VAC, Japan). Thermal diffusivity was obtained by
laser flash method. (TC-7000; ULVAC). The above
thermoelectric properties were measured in reduced
atmosphere: vacuum or 5 kPa He., The specific heat
in Ref. 11 was used to deduce the thermal conduc-
tivity. Unpolarized Raman spectra of the sintered
pellets were taken at room temperature in air (inVia
Raman microscope; Renishaw, UK). x-Ray diffrac-
tion patterns were taken via parallel beam optics
using a Cu-Ka source (RINT2000; Rigaku, Japan).
The microstructure of the materials was observed by
transmission electron microscope with an applied
accelerating voltage of 200 kV (JEM-2010; JEOL,
Japan).

The bulk and surface structures were modeled by
DFT using Wien2k code.12 Local density approxi-
mation was adopted as the exchange–correlation
functional. A supercell of 2 9 2 9 2 was analyzed
with a k mesh of 5 9 5 9 5 for the bulk and
6 9 6 9 2 for the slab model. In the slab model, a

vacuum of 10 Å was inserted along the 001 direc-
tion. In each model, center Sr atom in the supercell
was substituted by a RE atom to demonstrate the
effect of doping. The corresponding composition was
Sr7RE1Ti8O24, roughly equal to doping of 10 at.%.
The volume effect on the bulk model was analyzed
based on the Murnaghan equation of state. Subse-
quently, the initial slab model was constructed
based on the energetically stable volume obtained
with the bulk model. The atomic positions in the
slab model were subsequently optimized to reduce
forces acting on the nuclei. Convergence criteria
were force <1 mRy/a.u., charge <1 me, and energy
<0.01 mRy. The plane-wave cutoff parameter was
set to be 8.0 through the calculations.

RESULTS

The synthesized nanoparticles had cubic shape
and were �20 nm in diameter as shown in Fig. 1a.
The size distribution was relatively large compared
with that of non-doped SrTiO3.1 The cubic shape
was not obvious in the bulk sample (Fig. 1b). It is
possible that the high pressure modified the shape
during the sintering process. Nevertheless, the size
of the crystals remained almost the same. x-Ray
diffraction patterns showed a similar trend, and the
width of the diffraction peaks did not change after
sintering (Fig. 2). No appreciable secondary phase
was found below 20 at.% RE substitution. We con-
firmed that the compositions of the products were
identical to the nominal composition within a vari-
ation of 2 at.% by energy dispersive x-ray (EDX)
spectroscopy. The lattice constant changed linearly
with RE ionic radius (Fig. 3a). For the smallest RE,
Y, Vegard’s law was verified until 20 at.% of sub-
stitution (Fig. 3b). This solubility limit of Y is twice
that observed in a previous report13 in which solid
state reaction was employed for the synthesis. The
bulk samples had a relative density of 0.81–0.86. In
the later discussion, we do not mention explicitly
the effect of pores on the thermoelectric properties
because the variation in the properties was much
larger than that of the pore effect, but, generally,
thermal and electric conductivities are reduced by
pore inclusion, while Seebeck coefficient is insensi-
tive to the existence of pores.

The thermal conductivity showed a mostly temper-
ature-independent character, as shown in Fig. 4a.
A value of about 1 W/mK that was independent of RE
was observed (Fig. 4b). In contrast, the thermal con-
ductivity of ceramic SrTiO3 prepared by high tem-
perature sintering is known to show dependence on
RE size.9 The difference originates in the significant
contribution of boundary scattering in our samples, so
that strain effect caused by the size difference between
RE and Sr9 was negligible.

Electric resistivity reduced with RE ionic radius
(Fig. 5), and was notably four to five orders of mag-
nitude higher than that of conventional ceramics.9

Absolute Seebeck coefficient also decreased with RE
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size, as shown in Fig. 6, which is in remarkable con-
trast with that of conventional ceramics which shows
RE size independence.9 Moreover, the Y-doped
SrTiO3 exhibited a value of �890 lV/K, an unrea-
sonably large value for 20 at.% doping.

DISCUSSION

We will focus here on the giant Seebeck coefficient
observed in the small-RE doped SrTiO3. One possi-
ble reason for this result is the small amount of
carrier concentration in our samples. It is plausible
for this to occur due to surface traps at the grain
boundary, because the nanostructured bulk should
have a high density of trap states. So far, Hall
measurement of the samples has not been success-
ful, so we will discuss carrier concentration based on
the results of resistivity and Seebeck coefficient.

A 14-fold difference in the maximum and mini-
mum resistivity among the series of samples was

observed: 500 and 35 X cm for Y and La doping,
respectively. This should correspond to a 14-fold
difference in carrier concentration if the mobility of
the samples is comparable. In contrast, the See-
beck coefficients based on the Boltzmann transport

Fig. 1. TEM images of as synthesized nanocubes (a) and sintered
bulk (b). Scale bar 50 nm for both images.

Fig. 2. XRD patterns of as synthesized nanocubes and sintered
bulk. All peaks are assigned to cubic perovskite.

Fig. 3. Lattice constant of RE-doped nanocubes against ionic size of
RE, r (a) and doping amount, x, for YxSr1�xTiO3 (b).
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equation, assuming effective mass of six and domi-
nant scattering by acoustic phonon, suggests a 640-
fold difference in carrier concentration between La
and Y doping. This large difference suggests that
the giant Seebeck coefficient observed on Y doping

originates in something beyond the carrier concen-
tration.

To identify the peculiarity of nano SrTiO3, we
performed Raman spectroscopy, and found appear-
ance of forbidden modes for this system (Fig. 7).
These were assigned to the ferroelectric soft mode of
the TO2 and TO4 modes.5,14,15 Basically, the soft
modes are Raman-inactive. TO2 predominantly
consists of the vibration of Sr against TiO6 octahe-
dra, and TO4 of Ti–O stretching.14 Free-standing
nanocubes5 and ceramics15 are known to similarly
show this first-order Raman scattering, which is
associated with breakdown of symmetry at the
interface; the cubic lattice relaxes into a tetragonal
one near the surface or the grain boundary, result-
ing in it becoming Raman-active.

The above structural change near the interface
region may modify the Seebeck coefficient, which was
confirmed by the surface slab model. To validate our
slab model, we checked the surface energy of (001)
and confirmed that the surface energy of 1.17 eV per
surface unit cell (1.25 J/m2) was almost identical
with the results of other calculations.4 The shift of
atomic positions from those of the cubic structure was
also similar with this previous report. The optimized
surface structure, band structure, and corresponding
Seebeck coefficient were subsequently deduced based
on these results. At the Fermi level just above the
bottom of the conduction band, the Seebeck coeffi-
cient of the slab model reached a maximum of
�430 lV/K, compared with �1,180 lV/K expected
for bulk SrTiO3. This is understandable because the
distortion of TiO6 octahedra caused by surface
relaxation results in the split of triply degenerate 3d
orbitals, leading to degradation of the Seebeck coef-
ficient. Therefore, the lattice relaxation near the
interface can be excluded from the origin of the giant
Seebeck value.

In the Raman spectra, it is noticeable that both TO2

and TO4 become more evident with RE size. This
means that the cubic structure gradually recovers
from surface relaxation with smaller RE doping. In

Fig. 4. Thermal conductivity, j, of sintered nanocubes with tem-
perature, T (a) and ionic size of RE, r (b).

Fig. 5. Dependence of electric resistivity, q, on ionic size of RE, r.

Fig. 6. Dependence of Seebeck coefficient, S, on ionic size of RE, r.
Data of conventional ceramics are also shown as a reference.
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the doped slab model, we found that the position of Sr
moved largely from the surface to the inside, while
the position of oxygen was almost identical to that of
the cubic structure. Meanwhile, Ti shifted slightly
counter to the direction of Sr movement. The large
atomic shift of Sr is thought to originate in the ionic
nature of this atom. Importantly, the shift of Sr was
larger for La doping than for Y doping (Table I). The
TO2 mode corresponds to the movement of Sr atoms
relative to TiO6 octahedra and is therefore affected by
the shift of Sr, so the DFT results imply weak TO2

mode for small RE, in agreement with the experi-
mental observations. Meanwhile, the TO4 mode,
which corresponds to the Ti–O stretching and is
therefore related to Ti–O distance, is found to be
distorted more from the original cubic length for La
than Y doping. This result also explains the observed
experimental trend.

Accordingly, we can comprehend that small RE
restores the distorted cubic structure near the
interface. In addition, a similar trend for RE doping
has been reported in a homologous compound,
namely SrO(SrTiO3), which possesses distorted TiO6

in its structure. In this compound, small RE at Sr site
modifies the bent Ti–O–Ti bonding to be closer to the
regular bond angle of 180�.6

Although such a recovery of regular octahedra
increases Seebeck coefficient in the compound, the
giant value of �890 lV/K observed for Y doping is
still puzzling, because the 20 at.% doping shifts the
Fermi level toward high energy from the energy level
where the highest Seebeck coefficient appears. Nor-
mally, this doping amount results in a Seebeck coef-
ficient of only �20 lV/K as predicted from the rigid
band structure model of bulk SrTiO3.

Here, we infer another possibility that the dielec-
tric properties near the grain boundary influences
the Seebeck coefficient through an energy filtering
effect. SrTiO3 is a well-known dielectric material,
and its dielectric constant is strongly related to the
soft modes observed in Raman spectroscopy.16,17 A
significantly reduced dielectric constant compared
with that of the bulk material is observed for thin
films of SrTiO3, which is explained by surface polar-
ization16 and hardening of the soft mode related to
surface polarization.17 In short, reduced dielectric
constant in the film is caused by the breakdown of
inversion symmetry near the surface. If this is also
true for our material, the dielectric constant at
neighboring grain boundaries should be the lowest
for La doping and will increase with decreasing RE
size. Remembering that the potential barrier is
influenced by its dielectric property, the impact of the
potential barrier is expected to increase with
decreasing RE size. The reduction of resistivity with
RE size seems to support this hypothesis, because the
carrier concentration and mobility of the series of
samples are assumed to be similar, considering the
same doping amount and dominant ionized scatter-
ing due to the heavy doping of the samples.

In addition, the same polar structure exists at the
grain boundary of conventional ceramics.15 However,
long distances between grain boundaries cause the
restoration of ordinal energy distribution of carrier
through the scattering in the grains.18 Therefore, the
energy filtering effect is thought to be diminished in
conventional ceramics.9 Further qualitative consid-
eration of energy filtering will be performed in our
future work.

CONCLUSION

The effect of nanostructuring on thermoelec-
tric properties was studied for RE-doped SrTiO3.

Fig. 7. Raman spectra of sintered nanocubes. TO2 and TO4 corre-
spond to transverse optical modes that are normally Raman inactive
for SrTiO3, indicating breakdown of cubic symmetry. The spectrum of
non-doped single crystal is also shown (non-doped SC).

Table I. Results of DFT calculations for slab and bulk models of RE-doped SrTiO3

Composition a (Å) r001 (J/m2) DSr/a Ti–O/a

LaSr7Ti8O24 3.8630 1.224 0.0646 0.957
SmSr7Ti8O24 3.8562 1.220 0.0630 0.963
YSr7Ti8O24 3.8545 1.124 0.0620 0.961
Sr8Ti8O24 3.8606 1.255 0.0601 0.966

a the lattice constant, r001 the surface energy of (001), DSr the inward atomic shift of Sr from the surface, and Ti–O the bond length
between Ti and O along 001 near the surface; both DSr and Ti–O are measured at SrO surface.
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Nanocubes employed as a starting material were
densified via high pressure sintering at 500 �C. The
sintered SrTiO3 was found to have a nanograined
microstructure with a grain size of �20 nm. The
thermal conductivity was lowered to 1 W/mK by the
nanostructuring, indicating enhanced phonon scat-
tering by the nanograins. Both electric resistivity
and Seebeck coefficient decreased with RE size.
Importantly, a giant Seebeck coefficient of�890 lV/K
was observed for Y0.2Sr0.8TiO3 at 500 �C. Raman
spectroscopy and DFT calculation indicated break-
down of inversion symmetry of cubic structure near
the surface, and gradual recovery of symmetry by
doping with small RE. We infer that such surface
relaxation leads to a reduction in dielectric property
near the grain boundary, that the dielectric constant
at the grain boundary increases with the decreasing
RE size, and that the energy filtering effect is
strengthened for small RE, resulting in the giant
Seebeck coefficient observed for Y-doped SrTiO3.
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