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Abstract
Near normal incident infrared reflectivity spectra of (001) SrTi1−x NbxO3 single
crystal have been measured at different temperatures in the frequency region
between 100 and 6000 cm−1. The optical parameters of phonons and plasmons
are obtained on the basis of the double-damping extended Drude model.
The lowest frequency phonon mode at 175 cm−1 softens with decreasing
temperature, and the plasmon frequency triples when the temperature decreases
from 300 to 10 K. Extra absorption near the highest frequency longitudinal
phonon mode shows that the effect of the polarons should be taken into account
in addition to the plasmon–phonon coupling. The splitting of the last high
reflectivity band, the temperature dependence of the 615 cm−1 structure and
the appearance of a new weak peak-like defect mode provide evidence for the
existence of small polarons.

1. Introduction

The discovery of high Tc superconductivity in copper oxide based perovskite-type materials
almost twenty years ago was extraordinarily exciting for both science and technological
applications and triggered an extensive search for other superconducting oxides. Strontium
titanate with a typical perovskite structure pm3m [1] at room temperature has been
known to exhibit a metal–insulator transition [2] upon doping with niobium and become a
superconductor [3] with a low electronic concentration at a very low temperature. There is
a resurgence of interest in studying the properties of SrTiO3 in conjunction with electron
correlation effects in transition metal oxides [4] and due to the close structural relation of
the perovskites with high Tc superconductors. As an n-type conductor, SrTi1−x Nbx O3 is
regarded as a bipolaronic superconductivity candidate material [5]. The possibility of polaron
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formation is obvious due to its huge dielectric polarizability and low carrier density. Some
experiments [6–8] have provided evidence for the existence of polarons in SrTiO3. However,
there are many unsettled problems as regards the physical properties of n-type SrTiO3, such as
how to explain some experimental phenomena like small polarons being indicated by optical
properties [9] but effective masses similar to those of large polarons being indicated by heat
capacity measurements [10]. Thermoelectric power measurements by Frederikse and co-
workers [11] have shown density of states masses to increase from about 6me to 16me between
77 and 300 K, which can be explained by a theory of mixed polarons, i.e. large and fairly small
polarons [12]. The temperature dependence of plasmons in Nb-doped SrTiO3 has been given
by Gervais et al [7] and subsequently Eagles and co-workers obtained consistent fitting results
using the mixed polaron theory [6]. In the meantime, the role played by polarons in determining
the physical properties remains to be clarified, especially with respect the mysterious MIR band.
It is of great interest to study the interplay between the phonon, plasmon and polaron in SrTiO3

in particular and strongly correlated oxides in general.
The infrared spectra of SrTi1−x Nbx O3 reported in the previous papers were incomplete

in the low temperature range. The parameters of phonons and plasmons that yielded the best
fit to reflectivity data were only provided at room temperature and high temperature in the far
infrared region [7]. Moreover, observations and discussions of polarons are few and limited.
In this paper we report on the detailed optical properties of SrTi1−x Nbx O3 at a variety of
temperatures, from 300 down to 10 K; the roles played by plasmons and polarons are discussed.

2. Experimental details

One-side-polished single crystal of (100) oriented SrTiO3 doped with 0.9% niobium was
provided by Hefei Kejing Co. The infrared reflectivity spectra R(ω) at different temperatures
were measured at near normal incidence of about 8◦ on a Bomen DA8 Fourier transform
infrared spectrometer, in the range from 100 to 6000 cm−1. In the far infrared region, a DTGS
detector and a 6 mm Mylar beam splitter were used. In the middle infrared region, a liquid
nitrogen cooled mercury cadmium telluride detector and KBr beam splitter were utilized. To
obtain the absolute reflectivity, an evaporated gold mirror served as a reference. Spectra were
collected with a resolution of 4 cm−1. The samples were mounted in a continuous helium flow
cryostat in which the temperature could be varied between 300 and 10 K.

3. Results and discussion

Shown in figure 1 is the temperature dependent reflectivity of the Nb-doped SrTiO3 single
crystal at several representative temperatures. The common features of the reflectivity spectra
are strong phonon bands peaked in the low frequency range, and a free carrier (plasma)
contribution. Four modes can easily be identified at temperatures above 100 K. The three
high reflectance bands change with the temperature. Upon lowering the temperature, the
whole reflectivity increases; the observed phonon mode at around 175 cm−1 softens and finally
disappears below 100 K. For the second phonon mode at about 540 cm−1, a blueshift takes place
upon cooling and the linewidth decreases, which is considered as an experimental signature of a
coupled phonon–plasmon system [13, 7]. At the same time, the high frequency edge of the last
band extends to the mid-infrared region in addition to the peak intensity increasing; from 300
to 10 K the reflectivity of the tail decreases above 1850 cm−1. As a result, there is a crossing
point in the reflectivity spectrum. Below 100 K a weak absorption band near 780 cm−1 appears
and becomes more and more obvious with decreasing temperature.
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Figure 1. Experimental FIR reflectivity spectra of SrTi1−x Nbx O3 crystal at various temperatures.

In order to extract the optical parameters of phonons and plasmons, we applied a fitting
procedure based on the double-damping extended Drude model (DDD) fit of reflectance spectra
with a complex dielectric function ε(ω) in the factorized form

ε(ω) = ε1(ω) + iε2(ω) = ε∞
n∏

j=1

ω2
jLO − ω2 + iγ jLOω

ω2
jTO − ω2 + iγ jTOω

− ω2
p + iω(γp − γ0)

ω(ω − iγ0)
, (1)

where ε∞ denotes the high frequency dielectric constant, ω jTO and ω jLO are the transverse
and longitudinal eigenfrequencies of the j th optical phonon mode, and γ jTO and γ jLO their
transverse and longitudinal damping constants. ωp is the plasma frequency, and γp is the
linewidth of the plasma response at ω = ωp. The parameter γ0 is the linewidth of the absorption
centred at ω = 0. The first term of the right-hand side denotes a pure phonon contribution and
the second term a plasmon contribution. With this dielectric function, all the reflectivity spectra
in our measurements were fitted with the well-known Fresnel formula:

R(ω) =
∣∣∣∣

√
ε(ω) − 1√
ε(ω) + 1

∣∣∣∣
2

. (2)

On the basis of equations (1) and (2), a fit of R(ω) to the observed reflectivity spectra can
be obtained with a proper choice of the model parameters ω jTO, ω jLO, ωp, γ jTO, γ jLO, γp, γ0

and ε∞. Adjustment of the parameters is carried out by trial and error fitting of equation (2) to
the experimental spectra. This method yields not only ε(ω) but also the model parameters that
characterize the infrared active phonons.

Shown in figure 2 are the fitting results at two representative temperatures of 300 and 10 K;
the dash–dotted line indicates the experimental FIR reflectivity spectrum and the solid line is
the fitting result. Excellent agreement of the fitting to the experimental results is obtained. The
fitting parameters are listed in table 1.

Shown in figure 3 is the real part of the optical conductivity versus the wavenumber at
different temperatures. The real part of the frequency dependent optical conductivity σ1(ω) is
obtained according to σ1(ω) = (ω/4π)ε2(ω).
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(a)

(b)

Figure 2. Representative experimental and fitted reflectivity spectra of SrTi1−x Nbx O3 at (a) 300 K
and (b) 10 K. Dash–dotted lines indicate experimental data and solid lines are the fitting results.

When ω → 0, σ1(ω) from 300 to 10 K is characterized by a Drude component coming
from free carriers, rising toward zero photon energy. This agrees well with the fact that σdc

has a metallic behaviour, as shown by the resistance curve in the inset of figure 3. From
the band structure calculations for SrTiO3 [14–16], it is well known that the top of the
valence band is predominantly dominated by the oxygen 2p states, and the bottom of the
unoccupied conduction band has the threefold Ti 3d t2g character, which is a low energy state
coming from the original fivefold-orbitally degenerate state and separated from a high energy
twofold-orbitally degenerate state (eg orbitals). The energy gap between the O 2p state and



Electron–phonon coupling in Nb-doped SrTiO3 single crystal 2557

Table 1. The phonon parameters of the double-damping extended Drude model which yield the
best fits to the reflection spectra of SrTi1−x Nbx O3 single crystal at different temperatures. All units
are expressed in cm−1.

Temperature, T (K) Phonon modes Plasmon

300 ωTO 137 175 550 640 ωp = 545
γTO 120 30 24 94 γp = 1690
ωLO 165 499 605 1010 γ0 = 40
γLO 18 71 190 420

250 ωTO 135 174 548 634 ωp = 615
γTO 160 25 20 90 γp = 1590
ωLO 167 520 602 1250 γ0 = 40
γLO 20 50 175 550

200 ωTO 135 174 549 634 ωp = 855
γTO 180 40 17 85 γp = 1390
ωLO 164 531 602 1350 γ0 = 40
γLO 35 42 175 550

150 ωTO 135 172 548 636 ωp = 1050
γTO 190 30 15 80 γp = 1000
ωLO 168 536 617 1480 γ0 = 40
γLO 28 30 189 550

100 ωTO 135 548 632 782 ωp = 1385
γTO 280 14 58 15 γp = 950
ωLO 534 628 780 1250 γ0 = 40
γLO 30 195 17 200

50 ωTO 135 548 632 782 ωp = 1505
γTO 280 15 55 15 γp = 750
ωLO 532 625 780 1150 γ0 = 40
γLO 39 205 18 200

10 ωTO 135 547 632 782 ωp = 1525
γTO 280 13 50 14 γp = 550
ωLO 530 615 780 1150 γ0 = 40
γLO 37 195 19 230

the Ti 3d state implies the insulating character of SrTiO3 and the network of corner-sharing
TiO6 octahedra dominates the electronic properties. When Nb is introduced to the system, the
transition from Ti4+ to Ti3+ happens through an electronic compensation mechanism and the
creation of oxygen vacancies. From resonant photoemission spectroscopy, Higuchi et al have
shown that introduced Nb ions will increase the Ti 3d state, and the hybridization between
the Ti 3d state and O 2p state is enhanced. An effect of the Nb doping on the energy band
is that the Fermi level enters the conduction band [17]. Then the material will show metallic
behaviour, which is in agreement with our experimental results. Due to the effect of screening
from free carriers, the phonon mode at 175 cm−1 exhibits a tendency of weakening and finally
disappears at low temperature. Another prominent change is that the plasma frequency ωp

increases sharply by a factor of about 3 upon cooling, which suggests that the effective mass of
charge carriers increases due to the relation ωp = 4πne2/m∗

eε∞, assuming that the carrier
concentration n is independent of the temperature. Figure 4 shows the linear relationship
between the plasma frequency and temperature. At frequency lower than the plasma frequency,
total reflection occurs and with decreasing temperature the total reflection region expands to
higher energy. The contribution of plasmons to the optical conductivity is depicted in the
inset of figure 4. Eagles has calculated this temperature relationship using small polaron [12]
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Figure 3. The real part of the temperature dependent optical conductivity of SrTi1−x Nbx O3
between 10 and 300 K. The conductivity is dominated by the four lattice modes and a free carrier
contribution. Shown in the inset is the temperature dependence of the resistance.

Figure 4. The temperature dependence of the plasma frequency in SrTi1−x Nbx O3. In the inset, the
contributions of plasmons to optical conductivity are shown at various temperatures between 300
and 10 K.

and mixed polaron theory respectively [6]. For the former, there is a discrepancy of about
40% with experimental values at room temperature, and it is contradictory with the transport
measurements [11]; for the latter, satisfactory agreement is obtained. Therefore, our results
suggest that the mixed polaron theory is more rational.
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Figure 5. The loss function Im[−1/ε(ω)] at temperatures between 300 and 10 K on a log–log scale.

The peak position in the dielectric loss function, Im[−1/ε(ω)], has been considered as a
parameter for plasma excitations of the free carriers. The width of this peak is related to the
rate of scattering of the free carriers. Shown in figure 5 is the calculated dielectric loss function.
Below 1000 cm−1, the several peaks correspond to frequencies of longitudinal optical phonons
ωLO. The peak around 500 cm−1 shifts gradually to higher frequency as the temperature
decreases, which is probably due to increased plasma frequency [18]. A large mid-infrared
(MIR) peak evolves at 2000 cm−1 upon lowering the temperature, its intensity enhances with
the decreasing temperature. This MIR band has been previously observed in oxygen reduced
SrTiO3 and high Tc superconductors, as well as colossal magnetoresistance materials. It has
been attributed to the polaron associated with strong electron–phonon coupling. Further work
remains to be done to clarify the origin of this MIR band [18–22].

Some of the results mentioned above are in good accordance with previous
experiments [7]. But discrepancies exist in the last high reflectance band. Owing to the
coupling between the highest frequency phonon mode and the free carrier plasma, the strength
and linewidth of the absorption band would change as the temperature decreases. Nevertheless,
no splitting has ever been reported. The splitting in our optical conductivity spectra, which is
evident even in the room temperature spectrum, can be easily identified. The highest frequency
phonon mode evolves into two peaks centred at 550 and 615 cm−1 respectively. Furthermore,
the high frequency edge of the latter decreases systematically in the mid-infrared region and
seems to tail off at low temperature. An additional feature in the reflectivity spectrum near
2000 cm−1 was also observed by Barker [23]. He suggested a polaron absorption mechanism.
In our measurement, the energy of the polaron may be smaller and close to the phonon energy
so that interaction between polarons and phonons could happen. When the polaron absorption
peak is imposed on the phonon peak, the splitting of the high frequency reflectivity band can
be understood.

On the other hand, the linewidth of the 615 cm−1 hump at low temperature narrows and
its strength increases. If their origin is the coupling between the plasma frequency and phonon
frequency, the high frequency edge of the hump should extend to a larger wavenumber range
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at low temperature [24], not shrink on cooling. A favourable candidate for the explanation of
the hump is that it is caused by a polaronic characteristic of charge carriers due to the enhanced
electron–phonon interaction at low temperature, since a coupling between a plasmon mode
and the longitudinal optical phonon modes has been confirmed from the infrared reflectivity
spectra. The temperature dependence of the hump is in good agreement with the expected
behaviour of polarons [25, 26]. As a result, it may cause the formation of localized bounded
states of charge carriers, or small polarons. In contrast, the absorption of large polarons is
almost unchanged with temperature change, which is not in agreement with our observation.
Another unusual feature is that a weak absorption peak near 780 cm−1 develops below 100 K,
with its intensity further enhanced slightly at lower temperature. At present, its origin is not
clear. To some extent, a peak similar to the defect mode could be related to an oxygen vacancy
resulting from Nb doping. That is to say, it could be associated with small polarons, even
though it is not very clearly observed above 150 K. The appearance of the peak, which is
contradictory with metallic character of SrTi1−x Nbx O3 because increasing free carrier content
will screen those lattice absorption peaks, suggests that polarons are frozen or bounded at low
temperature. In Nax CoO2, some similar signals have been related to small polarons [27]. In the
x-ray absorption spectroscopic (XAS) spectra obtained by Higuchi and co-workers, there are
two empty states (denoted as ‘a’ and ‘b’) detected below the Fermi level (EF) in SrTi1−x NbxO3.
For the state ‘a’ closer to EF, its activation energy is estimated from modified photoemission
spectroscopic spectra using the Fermi–Dirac distribution. It is of the same order as that of
the binding energy, of about 0.1 eV. The energy is very similar to that from our infrared
measurement. Moreover, a calculation performed by Sanchez et al [28] indicates there to be
a slight Nb induced local structure distortion. This kind of distortion as an impurity doping
effect has been extensively related to the formation of small polarons in many materials, such
as colossal magnetoresistance doped manganites [29–31] and high Tc superconductors [32–34].
Using a quantum chemical model based on the molecular orbital theory, Sanchez et al have
found that in the crystal, Nb atoms induce the local energy level within the band gap close
to the conduction band [35]. Since Nb doping not only makes the Fermi level move into the
conduction band as described above, but also changes the band structure near the energy gap,
it seems sound that the sub-band is corresponding to the level of small polarons. Therefore,
the following conclusions can be reached: that the Nb doping changes the insulator character
of STO into metallic behaviour; and at the same time it induces the occurrence of a small
polaron energy level below the conduction band. But whether it is originating from local lattice
distortion induced by the impurity size effect or the oxygen vacancy is not clear. Anyway,
both the positively charged oxygen vacancies and electrons introduced by Nb doping may be
energetically favourable for the electrons transfering to the neighbouring Ti4+ sites so that
they could form Ti3+ ions. The strong electron–phonon interaction may cause structural
rearrangement that produces a potential minimum: this minimum tends to trap the electron
in that orbital and lead to the formation of a ‘self-trapped’ state called a small polaron. And the
small polaron transport is then probably governed by the charge transfer between these Ti3+
and Ti4+ states. So the above experimental observation and analysis led us to arrive at the
following picture for the absorption band close to the mid-infrared range. Small polarons can
exist and have an effect on the effective mass of charge carriers in SrTi1−x NbxO3 and induce a
special absorption peak in the mid-infrared region through electron–phonon interaction.

4. Conclusions

The factorized form of the dielectric function describes well the infrared reflection spectra in
Nb-doped strontium titanate at various temperatures. Moreover, a decoupling of the observed
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excitations is readily achieved by decomposition of the dielectric function into a sum of pure
phonon and plasmon contributions. A splitting takes place in the last high reflectivity band; the
615 cm−1 mode changes regularly with temperature and a new mode near 780 cm−1 appears
at low temperature, which suggests the existence of small polarons and an important role for
them in SrTi1−xNbx O3.
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