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ABSTRACT

We have used a combination of optical absorption and electrical conductivity measurements to study the effect of the main donor on small
polarons in rutile TiO2 single crystals rendered n-type conductive by hydrogenation or doping with Nb. The electrical conductivity
measured at 295 K for hydrogenated samples shows a clear correlation with the interstitial hydrogen (Hi) concentration, which is consistent
with reports that Hi is the main shallow donor in rutile TiO2. Conductive samples exhibit two distinct optical absorption bands in the IR
spectral region, at ω1 = 6500 cm−1 (∼0.8 eV) and ω2 = 3100 cm−1 (∼0.4 eV), which are present in both hydrogen-rich and Nb-doped
samples. The intensities of the absorption bands are proportional to the electrical conductivity, and they exhibit an Arrhenius-like tempera-
ture dependence for temperatures between 25–50 K and 50–100 K for H-doped and Nb-doped samples, respectively. The thermal activation
energies (EAs) for the absorption bands depend strongly on the main donor: ω2 exhibits EA(H) and EA(Nb) of ∼4 and ∼10 meV, respec-
tively, whereas ω1 shows EA(H) and EA(Nb) of ∼1 and ∼2 meV, respectively. The combination of temperature-dependent data for the
optical absorption bands and interstitial deuterium (Di)-small polaron vibrational lines support a model where the thermal activation is
associated with the reconfiguration of small polarons involving Ti sites far away from the donor. The thermal activation of the optical
absorption bands gives us insight into the dynamics of donor-dependent small polaron reconfiguration in rutile TiO2.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0027434

I. INTRODUCTION

Titanium dioxide (TiO2) is a wide bandgap semiconductor
that received renewed interest in recent years for applications in
photocatalysis, solar energy harvesting, and as an anode for Na ion
batteries.1–5 Its favorable chemical properties (earth abundant, non-
toxic, and high stability), the commercial availability of bulk single
crystals and nanocrystalline powders, and its early demonstration
as an anode for photocatalytic water splitting have made TiO2 the
subject of intense research efforts for decades.6 The most stable
structural form, rutile, has a bandgap (Eg) of 3.0 eV,

7–9 making it
transparent to visible (Vis) light. This intrinsic inability to utilize
the Vis and infrared (IR) parts of the solar spectrum has severely
hindered its further development as a photocatalyst. Research to
improve the photocatalytic performance has focused on extending
the optical absorption into the Vis spectral region.10,11 The most
promising approach involves high pressure hydrogenation of TiO2

powders to create so-called black titania,12 which extends the
optical absorption into the IR spectral range. The success of TiO2

as a photocatalyst has been attributed to the formation of various
point defects during the hydrogenation process, but the exact
nature [e.g., reduction of Ti4+ to Ti3+, formation of oxygen vacan-
cies (VO), incorporation of hydrogen (H)] is still under debate.13 It
is therefore paramount to improve the fundamental understanding
of point defects in rutile TiO2 in order to shed light on the origin
of the extended optical absorption.

As-grown rutile TiO2 crystals are often semi-insulating and
semi-transparent, but they can be doped n-type conductive by
incorporation of different impurities: Li on interstitial sites,14,15

P or Nb substitution on Ti sites,16–18 and F substitution on O
sites.19 As the conductivity of a crystal increases, its color changes to
gray (less conductive) to dark blue to silver/metallic (most conductive).
Electron paramagnetic resonance (EPR) experiments and first-
principles calculations20–23 show that native VO defects are shallow
donors that can be present in as-grown crystals. Ionization energies
of ∼20 meV and 63meV have been reported for Nb donors
(NbTi)

24 and for the neutral charge state of VO,
21 respectively.
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Another common strategy to induce n-type conductivity is to
anneal crystals in a reducing environment, such as hydrogen gas
(H2). On the basis of electron paramagnetic resonance (EPR)
experiments by Chester,25 the dominant donor in reduced samples
was attributed to interstitial Ti (Tii) defects,

26 an assignment that
has persisted for decades.27,28 However, recent experiments by
Brant et al.29 show that the EPR signal in question actually origi-
nates from isolated interstitial H (Hi), casting doubt on the role of
Tii. Furthermore, Ohlsen and Johnson30 showed that crystals that
were reduced in a clean vacuum remain insulating after being
annealed at 1000 °C for up to 23 h, suggesting that the conductivity
in “vacuum-reduced” crystals arises not from VO or Tii, but rather
from residual impurities, such as H.

Fundamental investigations into rutile TiO2 are challenging
due to the unique behavior of electrons in the material. In many
other oxide semiconductors,31 including anatase TiO2,

32 free elec-
trons are delocalized over many neighboring lattice sites and give
rise to optical absorption originating from intraband transitions in
the conduction band, i.e., Drude-like free-carrier absorption.33

In contrast, conventional EPR experiments have shown that the
wave function associated with a free electron in rutile TiO2 is local-
ized on a Ti4+ site regardless of the identity of the donor.34 That is,
it is energetically preferable for electrons to become self-trapped on
Ti4+ sites and distort the surrounding lattice to form small polar-
ons. The optical absorption due to small polarons is characterized
by broad absorption that extends from the fundamental bandgap
into the IR spectral region.35–37 Unlike Drude-like free-carrier
absorption, which increases as a function of the incident photon
wavelength (λ) of λ1.5–3.5 depending on the dominant scattering
mechanism(s),33 absorption due to small polarons achieves a
maximum and is followed by a decrease in absorption strength with
increasing λ. Similar absorption has been reported in other polar-
onic materials, including LiNbO3,

38 BaTiO3,
39,40 and WO3.

41

Absorption by small polarons in rutile TiO2 exhibits a maximum
value in the near-IR (NIR) spectral region, most commonly at
about 6600 cm−1 (0.82 eV). Extensive studies by Bogomolov and
Mirlin16,42 showed that the properties of the polaronic absorption
in rutile TiO2 are independent of the main donor and that the
absorption amplitude is correlated with the electrical conductivity
of the sample. Based on these observations, they proposed that the
absorption arises from transitions of small polarons and is therefore
a fingerprint for Ti3+ species. The exact nature of this absorption,
e.g., polaron hopping vs excitation from the small polaron state to
the conduction band minimum, is unknown. The small polaron
model in rutile TiO2 has been supported by other experimental
techniques, including muon spin rotation spectroscopy (μSR),43,44

and by first principles calculations.22,23,45–48 Despite these insights,
the nature of the charge transport (free carrier vs impurity band
vs polaron related) remains unanswered. Recent first-principles
calculations23,45 suggest that small polarons and delocalized elec-
trons can coexist in rutile TiO2, with a small energy difference
(<∼0.1 eV) between the two states, and there is experimental evi-
dence for this coexistence in reduced TiO2 nanoparticles.49

Experimental interpretations, however, are complicated by the
fact that different characterization techniques might selectively
measure the properties of either small polarons or delocalized
electrons.

Hydrogen is a common impurity that is often incorporated
unintentionally into semiconductor crystals during growth.50 While
the EPR studies conducted by Brant et al.15 suggest that Hi is a
shallow donor in rutile TiO2, the behavior of H is generally
unclear. A powerful method for understanding H-related point
defects in semiconductors has been the characterization of
impurity-related vibrations, so-called localized vibrational modes
(LVMs).51 The sensitivity of an impurity’s LVM on the mass of the
oscillating impurity and its local structure, which can include inter-
actions with neighboring atoms, permits one to distinguish
between different microscopic structures involving the same impu-
rity atom. Infrared absorption measurements of intentionally
hydrogenated rutile TiO2 crystals reveal a number of H-related
LVMs35,52,53 that are all oriented perpendicular to the~c axis of the
crystal. A common LVM at 3278 cm−1 observed in both as-received
and intentionally hydrogenated samples measured at room temper-
ature (RT) has been attributed to Hi.

35,54 At cryogenic tempera-
tures, this LVM splits into several peaks that show a complex
temperature dependence. The same behavior is observed for its iso-
topic partner, interstitial deuterium (Di). The temperature depen-
dence of the LVMs was interpreted in terms of neutral and ionized
states of a classical shallow donor, yielding an ionization energy of
∼10 meV for Hi.

55 This interpretation is also supported by low
temperature Hall effect24 and photoconductivity measurements,56

which yield similar ionization energies. However, Bekisli et al.57

showed that the temperature dependence of the Di LVMs could not
be fit with a single thermal ionization energy and instead favored a
model where the LVM splitting and their temperature dependences
are explained by the different configurations of small polarons at Ti
sites around the Di (Hi) impurity. Thus, the role of Hi on the elec-
trical conductivity of rutile TiO2 is unclear from low temperature
IR absorption experiments. In several metal oxide semiconductors,
including ZnO,58–60 In2O3,

61 SnO2,
62,63 anatase TiO2,

32 and, more
recently, β−Ga2O3,

64 the role of different H-related point defects
on the electrical conductivity was established by comparing the
integrated absorbance of a defect’s LVM, which is proportional to
the defect’s concentration, with the free carrier absorption strength.
Such a comparison is strangely absent for the 3278 cm−1 Hi LVM
and the polaronic absorption in rutile TiO2.

A thorough understanding of the electrical and optical proper-
ties of the defects, specifically the donors, commonly found in
rutile TiO2 is crucial for the advancement of TiO2-based applica-
tions. For example, Nitta et al.65,66 examined the energy-resolved
distribution of electron traps in TiO2 powders by double-beam
photoacoustic spectroscopy and observed a correlation between
specific distributions of shallow electron traps and the photocata-
lytic activity. Another example is the recent electrical investigation
of Nb-doped rutile TiO2 single crystals by Kato et al.67 They
showed that an excess of Nb dopants might hinder, rather than
promote, photocatalysis. The importance of H-related defects on
the electrical conductivity of gas-hydrogenated rutile TiO2 was
questioned in a recent study by Mo et al.68 Their data indicate that
VO, not Hi, is the main donor in gas-hydrogenated crystals and
that Hi forms only in atom-hydrogenated (via chemical electrolysis)
samples. Historically, first-principles calculations based on density-
functional theory (DFT) have struggled to address the electrical
behaviors and properties of point defects in polaronic materials due
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to the effects of electron self-interaction errors.22 While the use of
hybrid functionals22,23,45,69 has helped to address this issue, recent
advances in first-principles calculations70,71 show incredible potential
for advancing a fundamental understanding of polarons and could
benefit considerably from a modern set of experimental data.

In this work, we utilize a combination of optical and electrical
measurements to study the optical absorption present in conductive
n-type rutile TiO2 single crystals, and its relation to the main
donor in the material. We employ different doping strategies, e.g.,
by annealing TiO2 in different reducing atmospheres (H2, N2, or a
mixture of H2 and N2), or using Nb-doped crystals, to study the
effects of different donors on its optical and electrical properties.
The optical absorption at 295 K in the IR/Vis present in conduc-
tive n-type rutile TiO2 displays a very similar spectral shape
regardless of the main donor. In contrast to the report of
Bogomolov and Mirlin,42 we find that the optical absorption at
low temperatures (<100 K) exhibits a donor-dependent, thermally
activated behavior that is proposed to be related to the reconfigu-
ration of small polarons.

II. EXPERIMENTAL METHODS

The rutile TiO2 single crystals investigated in this work had a
(001) surface orientation, double-sided polished surfaces, and
dimensions of 10 × 10 × 0.5 mm3. The as-received (as-rec.) single
crystals were cut into four 5 × 5 mm2 pieces and cleaned in an
ultrasonic bath with acetone, isopropanol, and de-ionized water
for 5 min each. Highly resistive, transparent samples grown by the
float zone method or the Verneuil method were purchased from
MTI Corporation72 and Shinkosha Co., Ltd.,73 respectively.
N-type conductive, Nb-doped samples grown by the Verneuil
method were also purchased from Shinkosha Co., Ltd. with stated
Nb concentrations, given in weight percent (wt. %), of 0.005,
0.010, and 0.050 wt. %. The donor concentration determined from
C-V measurements on the 0.050 wt. % (corresponding to
[Nb] = 1.38 × 1019 cm−3) Nb-doped sample has been shown74 to
be in excellent agreement with this stated value, which implies a
negligible degree of compensation. The as-rec. semi-insulating
crystals were annealed in one of the following three atmospheres
to produce n-type conductive samples.75

(1) Forming gas (FG): annealed inside a tube furnace while directly
exposed to flowing forming gas (with [H2]/[N2]∼ 1/9) at 600 °C
for 5–90min.

(2) Nitrogen gas (N2): annealed inside a tube furnace while directly
exposed to flowing nitrogen gas at temperatures between 1100
and 1200 °C for 5–90 min.

(3) Hydrogen gas (H2): annealed inside a sealed quartz ampoule
filled with 0.5 bar of hydrogen gas at room temperature (RT).
The ampoule was placed inside a tube furnace at temperatures
between 400 and 450 °C for 30–90 min.

In addition, one as-rec. sample was annealed at 400 °C for 60 min
in an ampoule filled with 0.5 bar of deuterium gas (D2) at RT.
Samples annealed in flowing gas were removed from the furnace
upon completion of the annealing and cooled in air, whereas those
annealed in ampoules were cooled outside the furnace while still
inside the ampoule. All of the annealed samples were washed in

acetone, isopropanol, and de-ionized water following cool down.
None of the Nb-doped crystals were subjected to gas annealing.

The electrical and optical properties of each sample were
investigated at RT to examine the relationship between the
sample conductivity and the optical absorption. The electrical
conductivity was calculated from resistivity measurements in the
Van der Pauw configuration76–78 using a four-point probe setup
consisting of a Keithley 7001 switch system, a Keithley 2182A
nano-volt-meter, and a Keithley 6221 current source. Eutectic
InGa was scratched into the corners of each sample to create
Ohmic contacts. Optical transmittance spectra were measured
using a Bruker IFS 125HR Fourier Transform (FT) spectrometer
[spectral resolution (res) = 4 cm−1] and a Shimadzu SolidSpec-
3700DUV UV-Vis-NIR spectrophotometer (res = 1 nm). The FT
spectrometer provided access to the mid-IR (MIR) spectral range
(600–4000 cm−1) using a globar light source, a KBr beam splitter,
and a MCT detector; and to the NIR range (4000–9600 cm−1)
using a quartz light source, a CaF2 beam splitter, and an InSb
detector. Transmittance spectra acquired on the UV-Vis spectro-
photometer utilized a tungsten lamp and three different detectors
(PbS, InGaAs, and a photomultiplier tube) to measure from the
NIR to the UV spectral range (6000–30 000 cm−1). Unpolarized
light was directed at normal incidence (±3°) to the (001) surface
of the sample such that the electric field was perpendicular to the
c-axis (~E?~c). The empty sample holder served as the back-
ground/reference for all measurements. The full optical transmit-
tance spectrum for each sample was obtained by combining the
spectral data in their overlapping regions. It should be noted that
the thickness of the 0.050 wt. % Nb-doped sample was reduced to
300 μm by lapping and polishing the surface in SiC and diamond
paste, respectively, in order to avoid total absorption.

To study the effect of temperature on the optical properties,
samples were measured in the temperature range between 5 and
295 K. These measurements were restricted to the MIR and NIR
setups on the FT spectrometer. The samples were cooled in a Janis
PTSHI-950-5 closed cycle, continuous flow cryostat equipped with
ZnSe cold windows. The samples were surrounded by He-exchange
gas and their temperatures were varied to within ±0.1 K using a
LakeShore Model 335 temperature controller. Transmittance data
(T) were converted to absorption coefficient data (α) using the
standard analytical solution79 to

T ¼ (1� R)2exp(�αd)
1� R2exp(�2αd)

; R ¼ j~n� 1j2
j~nþ 1j2 : (1)

Here, d is the thickness of the sample and R is the reflectivity as
determined by the complex refractive index ~n. The spectral range
of our measurements is limited at low incident photon energies by
multiphonon absorption and at high incident photon energies by
fundamental-band-to-band absorption. For the spectral region
between 1800 and 22 500 cm−1, we use ~n ¼ 2:44 (~E?~c, rutile)80 to
calculate α in Eq. (1). For analysis of the changes to the optical
absorption for different conductivities or different temperatures,
the α spectrum of a semi-insulating as-rec. sample was subtracted
from the α spectrum of every conductive sample to produce a Δα
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spectrum, which accounts for the slight variation in ~n across the
measured spectral region.

The LVMs of Hi and Di were measured using the Bruker FT
spectrometer equipped with a globar light source, a KBr beam
splitter, and an InSb detector. Measurements at RT used a spec-
tral resolution of 1.0 cm−1, whereas low temperature (LT) mea-
surements (T < 60 K) used a spectral resolution of 0.1 cm−1. The
LT measurements were performed with the incident light directed
parallel to the (001) surface of the crystal (i.e., with d ∼ 5 mm) to
suppress interference fringes arising from multiple surface reflec-
tions. The Hi concentration ([Hi]) was determined by correcting
α spectra [also calculated using Eq. (1)] with a spline-interpolated
baseline using points placed along the broad absorption between
3100 and 3500 cm−1. The RT LVMs were fit with Lorentzian line
shapes, whereas those at LT were fit with Voigt line shapes.57 In
both cases, the integrated absorption coefficient (int. α) was
determined analytically from the line shapes. The [Hi] was calcu-
lated51 from the int. α of the 3278 cm−1 LVM measured at RT
using a calibration factor of 1.73 × 1016 cm−1 determined from
the data of Johnson et al.81

III. RESULTS

The annealing treatments in FG, H2, or N2 produced samples
ranging from light gray to light blue in color, depending on the
temperature and the duration of the anneal. Similar color differ-
ences were observed for the as-rec. Nb-doped samples.

Figure 1(a) shows α spectra measured at RT for selected rutile
TiO2 samples with different treatments and different conductivities.
The majority of the samples show absorption across the sub-
bandgap region, which is dominated by a broad, asymmetric
absorption band (denoted as ω1) whose maximum occurs between
6000 and 6500 cm−1 in the NIR spectral region. The high-energy
side of ω1 shows a gradual decrease in strength; except for a few
N2-annealed samples, no additional features are present in this
region. Two features are noted on the low energy side of ω1: a weak,
broad shoulder that produces a local maximum near 3100 cm−1

(0.38 eV), denoted as ω2, and a narrow vibrational line at 3278 cm−1

due to isolated Hi. In one FG-annealed sample (not shown), ω1’s
maximum is blue shifted to 8750 cm−1, which is similar to what has
been reported by Cronemeyer.7–9 The shape and strength of ω1 in
the majority of the samples, however, are consistent with reports
from various authors.35–37 Interestingly, the ω2 peak was not
reported in early experiments and was only identified recently by
Khomenko et al. in strongly absorbing H-containing samples.37

Figure 1(b) shows the baseline-corrected α spectra in the OH spec-
tral region for the samples whose α spectra are shown in panel (a).
The Hi LVM dominates in the FG- and H2-annealed samples,
whereas it is much weaker in the N2-annealed samples. In the
Nb-doped samples, the Hi LVM is detected in only one sample
(0.010 wt. %), but it is considerably weaker than the Hi LVM
observed in the as-received or N2-annealed samples. The Hi LVM
was below the detection limit of ∼1015 cm−3 for measurements at
5 K in the 0.005 wt. % and 0.050 wt. % Nb-doped samples. Several
FG- and H2-annealed samples also show a LVM at 3345 cm−1 that
has been assigned to Hi near a Mg impurity substituting on a Ti site
(MgTi-Hi).

52 The amplitude of α for the MgTi-Hi LVM is typically

1%–10% of the amplitude of the 3278-cm−1 Hi LVM, which suggests
that isolated Hi is the dominant H-related defect in these samples.

The strength of the 3278 cm−1 Hi LVM [Fig. 1(b)] increases
considerably in the FG- and H2-annealed samples compared to the
strength in the as-rec. crystals. Figure 2(a) shows a log-log plot of the
[Hi] vs the electrical conductivity for FG-, H2-, and N2-annealed
samples. There is a strong linear correlation between the [Hi] and
the electrical conductivity in the FG- and H2-annealed samples,
which is consistent with previous reports that Hi is the main donor
in hydrogenated rutile TiO2.

55 The linear fit determined from a least
squares analysis of the data shown in Fig. 2 yields

[Hi][cm
�3] ¼ (4:2+ 0:4)� 1019Ω cm�2 � σ, (2)

where σ is the electrical conductivity (given in Ω−1 cm−1).
The uncertainties in the fit parameters are determined from the
scatter of the data in the fit. The choice of the specific constraint on
the y-intercept (e.g., equal to 0, equal to the [Hi] in the as-rec.
samples, or free parameter) has a negligible impact on the slope in
Eq. (2) within the error of the fit. The conductivities of the
Nb-doped samples show no dependence on the [Hi], but do show a
linear dependence on the nominal [NbTi], as expected. A linear fit to
these data yields

[NbTi][cm
�3] ¼ (5:4+ 0:1)� 1019Ω cm�2 � σ, (3)

where σ is again given in Ω−1 cm−1. Assuming negligible

FIG. 1. (a) α spectra at 295 K for different FG-annealed, H2-annealed,
N2-annealed, and Nb-doped rutile TiO2 samples (distinguished by color). The
electrical conductivity (in Ω−1 m−1) of each sample is indicated in parenthesis
in the legend. Absorption bands at 6500 and 3100 cm−1 are labeled ω1 and ω2,
respectively. The 3278-cm−1 LVM due to isolated Hi is also indicated. Noise arti-
facts due to detector and grating changes between 10 900 and 11 800 cm−1

have been removed for visual clarity. (b) α spectra at 295 K of H-related LVMs
for the samples shown in panel (a). The styles of the spectra match between
the two panels. The spectral region between 3100 and 3500 cm−1 was cor-
rected using a spline baseline for visual clarity. A weak LVM at 3345 cm−1

assigned to a MgTi-Hi complex is noted in addition to the 3278-cm
−1 Hi LVM.
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compensation, the electron mobility (μ) at RT for H-doped and
Nb-doped rutile TiO2 can be estimated using the relationship

N ¼ 1
eμ

σ, (4)

where N is the donor concentration (in cm−3) and e is the
elementary charge. Using the slopes of the fits shown in
Eqs. (2) and (3), we determine μH (295 K) = 0.15 ± 0.01 cm2 V−1 s−1

and μNb (295 K) = 0.12 ± 0.01 cm2 V−1 s−1, which are consistent with
values of 0.1–1 cm2 V−1 s−1 reported in the literature for both H-
and Nb-doped samples.36,42,82

The amplitudes of ω1 and ω2 increase as the samples become
darker in color (Fig. 1), but both the strength of ω1 and its large
width complicates the analysis of ω2. In order to separate ω2’s con-
tribution from that of ω1’s, each α spectrum was fit with two
Gaussian line shapes: a broad band centered near ω1 and a weaker
band at ω2. An example of a typical fit to the data is shown in
Fig. 3. All fits were performed using a least squares approach as
implemented in the Python library “scipy” and were restricted to
the region between 2000 and 6700 cm−1. There is satisfactory agree-
ment between the fits and the data on the low energy side of ω1.
We have chosen to work with the integrated α (the analytical area
of the Gaussian line shape) of ω2 because the shape of the band is
simple. The shape of the ω1 absorption band, on the other hand, is
complicated, and a Gaussian line shape cannot properly capture
the absorption at increasing incident photon energies. Other line
shapes, e.g., absorption from a deep-level defect,83 have been tested
to improve the fit for ω1, but do not offer a considerable

improvement to justify their use, and produce similar ω2 contribu-
tions. Therefore, we use the amplitude of ω1, rather than its area,
for our analysis.

Figure 4 shows the amplitude of ω1 and the integrated Δα of
ω2, as determined from its Gaussian fit, vs σ for all of the samples.
Both sets of data show a clear linear correlation with σ, which can
be expressed by

Δαmax(ω1) [cm�1]

σ[Ω�1 cm�1]
¼ (470+ 30) Ω (5)

and

Ð
Δα(ω2)dω [cm�2]

σ[Ω�1 cm�1]
¼ (10+ 2)� 104 Ω cm�1: (6)

The linear correlation between Δαmax(ω1) and σ was previ-
ously established by Bogomolov and Mirlin.42 They determined a
slope of (530 ± 50)Ω, which is in good agreement with the value
shown in Eq. (5). However, the linear correlation between the int.
Δα of ω2 and σ has not been reported before. The linear fits for ω2

FIG. 2. Plots of the [Hi] (a) and the nominal [NbTi] (b) vs the electrical conduc-
tivity for n-type conductive rutile TiO2 samples. The solid black line in each
panel is a linear fit to the data (filled points) with the y-intercept constrained to
zero. The fit shown in panel (a) is to the data for the FG- and H2-annealed
samples, whereas the fit shown in panel (b) is for the Nb-doped samples. The
[Hi] in the 0.005 and 0.050 wt. % Nb-doped samples is below the detection limit
(at 5 K) of ∼1015 cm−3 and are therefore not shown in panel (a).

FIG. 3. Δα spectrum (at RT) for a FG-annealed rutile TiO2 sample (open
circles). A broad Gaussian band centered near ω1 (dashed black curve) serves
as the baseline for the weaker Gaussian band at ω2 (solid black curve). The
sum of ω1 and ω2 yields the total fit (solid red curve) to the IR spectral region.
The fit was determined using a least squares approach within the range of 2000
and 6700 cm−1.
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shown in Fig. 4 have slopes in the range of (8.8–12) × 104Ω cm−1.
(The corresponding slope using ω2’s amplitude is in the range of
45–63Ω, which is approximately one order of magnitude less than
the slope for ω1.)

The temperature dependence of α at cryogenic temperatures
in several TiO2 samples was investigated for the gas-annealed
samples and the Nb-doped crystals. Figure 5 shows the dependence
of Δα for a FG-annealed sample for temperatures between 20 and

55 K (panel a) and between 55 and 100 K (panel b). No significant
changes to Δα are observed for temperatures between 5 and 20 K.
As the temperature increases from 20 to 50 K, the amplitudes of ω1

and ω2 increase considerably. In fact, at 50 K, ω2 has increased such
that it is clearly distinguishable from the dominant ω1 band. As the
temperature continues to increase above 50 K, ω1 remains relatively
unchanged whereas ω2 decreases in strength. This behavior is also
observed in the other samples where Hi is the dominant donor.

Figure 6 shows the temperature dependence of Δα for the
0.010% wt. % Nb-doped sample, which is representative of the
behavior observed in the 0.005 wt. % and 0.050 wt. % Nb-doped
samples. The amplitudes of ω1 and ω2 increase in strength as the
temperature increases, but in contrast to the H-doped sample
shown in Fig. 5, the temperature range where this increase occurs is
between 50 and up to 95 K. For temperatures above 100 K, both ω1

and ω2 decrease in strength. The changes in the Δα spectra
reported for both H- and Nb-doped samples are reproducible
regardless of the number of times the samples were thermally
cycled between LT and RT. A similar trend for the evolution of ω2

was also observed for the conductive N2-annealed samples, but the
low conductivity (and hence weak absorption) made it difficult to
study the temperature dependence of Δα in these samples.

To analyze the changes to ω1 and ω2 with respect to measure-
ment temperature, each spectrum was fit using the method shown
in Fig. 3, i.e., ω1 and ω2 were fit using Gaussian line shapes.
Figure 7 shows Arrhenius plots for the normalized amplitudes of
ω1 (panel a) and the normalized areas of ω2 (panel b) for the
H-doped and Nb-doped samples shown in Figs. 5 and 6, respec-
tively. Below their respective onset temperatures (∼25 K for H and
∼50 K for Nb), both ω1 and ω2 are independent of temperature.
For both the H- and the Nb-doped samples, the intensities of ω1

and ω2 increase linearly (on a logarithmic scale) with decreasing 1/T,
which suggests that their individual thermal activations can be
described by a single activation energy (EA).

FIG. 5. Δα spectra for a H-doped TiO2 sample (FG-annealed, σ = 6.5Ω−1 m−1)
between (a) 20 and 50 K and (b) 55 and 100 K. The spectral region between
3239 and 3391 cm−1 (Hi LVM) has been removed for visual clarity.

FIG. 6. Δα spectra for the 0.010 wt. % Nb-doped TiO2 sample (σ = 4.8Ω
−1 m−1)

between (a) 35 and 95 K and (b) 100 and 250 K. The spectral region between
3239 and 3391 cm−1 (Hi LVM) has been removed for visual clarity.

FIG. 4. Maximum amplitude of ω1 (a) and int. abs. coef. of ω2 (b) vs the electri-
cal conductivity at RT for gas-annealed and Nb-doped rutile TiO2. The points
correspond to data for the differently doped samples. The solid line in each
panel is the linear fit including all of the data, whereas the dashed line excludes
the 0.050 wt. % Nb-doped sample (σ = 25.5Ω−1 m−1).
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Ranges for the EAs for ω1 and ω2 for Hi and NbTi donors are
shown in Table I and were determined using five different
H-doped samples and three different Nb-doped samples. (An acti-
vation energy of EA(ω2) = 3 ± 1 meV could be determined for only
the most conductive N2-annealed sample.) The main donor has a
pronounced effect on the EAs; for both ω1 and ω2, samples contain-
ing NbTi donors exhibit higher EAs than the samples containing Hi

donors. Furthermore, there is a significant difference between the
activation energies for ω1 and ω2 for the same main donor.

The absorbance spectra for the D2-annealed sample are
presented in Fig. 8, where panels (a) and (b) show the temperature
dependence of the Di LVMs and Δα, respectively. The Di LVMs
at 2445.0 and 2447.8 cm−1 are denoted as ωa and ωc, respectively.
As T increases from 5 to 20 K, the strength of ωa decreases and the
strength of ωc increases, whereas the reverse trend (increase in ωa

and decrease in ωc) is seen for T at and above 20 K. The tempera-
ture dependence of the Di LVMs observed in our sample is similar
to the one reported by Bekisli et al.57 The temperature dependence
of α in the D2-annealed sample [Fig. 8(b)] is similar to the one
which is observed in the H2-annealed samples. Below 20 K, the
spectrum is largely unchanged, whereas the intensities of both ω1

and ω2 increase as T increases up to 55 K. Figure 8(c) shows the

normalized values for the ratio of the area of ωc to the area of ωa,
the area of ω2, and the amplitude of ω1 between 5 and 55 K.

Changes in the intensities of the Di LVMs are seen for
T < 25 K, but no change in the strength of ω1 or ω2 is observed. At
T > 25 K, we observe an anticorrelation between the ratio of the
areas of the Di LVMs and the amplitude of ω1 and the area of ω2,
which suggests that the mechanism responsible for the changes in
the Di LVMs is also connected to the activation of ω1 and ω2.

IV. DISCUSSION

A recent study by Mo et al.68 proposed that gas hydrogenation
of rutile TiO2 creates mainly hydrogen substituting at an oxygen
site (HO), rather than Hi, and produces IR-transparent crystals.
However, the α spectra in Fig. 1 show that gas hydrogenation con-
sistently produces Hi and gives rise to substantial optical absorption
at energies below the fundamental bandgap, especially in the IR
spectral region, that is proportional to the electrical conductivity of
the samples. The linear relation between the [Hi] and σ shown in
Fig. 2(a) is consistent with reports in the literature that annealing
rutile TiO2 single crystals in an H2-containing atmosphere
increases the electrical conductivity. Our results suggest that the
electrical conductivity increases as a result of the increasing con-
centration of Hi shallow donors, which is consistent with recent
hybrid-DFT calculations by Bjørheim et al.69 The linear relation-
ship between [Hi] and σ also holds for the N2-annealed samples,
which have considerably higher conductivities but about an order
of magnitude less Hi than the as-received samples. This apparent
contradiction can be explained if the heat treatments lead to both a
significant lowering of the concentration(s) of compensating accep-
tor(s) and a decrease in [Hi]. Thus, Hi is likely to be the main
donor in N2-annealed samples even though these samples exhibit a
lower [Hi] than as-received samples. However, first-principles cal-
culations by Han et al.84 predict HO, rather than Hi, is the main
H-related donor in rutile TiO2, which is in contrast to the calcula-
tions by Bjørheim et al.69 The LVM due to HO occurs typically at
lower wavenumbers where the crystal is opaque to IR light, which
prevents its observation in our measurements. Therefore, our data
do not allow us to completely exclude the possibility that the elec-
trical conductivity increase is due, at least partially, to the forma-
tion of HO.

We now focus on the results related to the optical absorption
present in n-type conductive rutile TiO2. Several authors have
claimed that the absorption in rutile TiO2 crystals induced by
doping with H or Nb is due to Drude-like free-carrier absorp-
tion.55,67 Although the dependence of α in the Vis and NIR spectral
regions resembles the absorption of Drude-like free carriers, all of
our conductive rutile TiO2 crystals exhibit a decrease in α for
photon energies below the maximum amplitude of ω1, which is
incompatible with the Drude theory. We find that the α spectra of
conductive rutile TiO2 samples show at least two distinct features
(ω1 and ω2) in the sub-bandgap region whose intensities are line-
arly correlated with the electrical conductivity. Our data for ω1

are in agreement with the results of Bogomolov and Mirlin,42

who proposed that this feature originates from transitions associ-
ated with small polarons. However, the independence of the pres-
ence of ω2 on the main donor and its linear correlation with the

FIG. 7. Arrhenius plots of (a) the normalized amplitude of ω1 and (b) the nor-
malized area of ω2 for the H-doped (open black circles) and Nb-doped (open
red squares) rutile TiO2 samples shown in Figs. 5 and 6, respectively. The cor-
responding measurement temperature is indicated on the upper horizontal axis.
The uncertainties stated for the linear fits are calculated from the scatter in the
data. Error bars are shown on only every other data point for clarity.

TABLE I. Experimentally determined EA ranges for the ω1 and ω2 absorption
bands in rutile TiO2 for Hi and NbTi donors.

Donor EA(ω1) (meV) EA(ω2) (meV)

Hi 0.5–1.0 2.5–5.0
NbTi 1.4–2.2 8.6–10.6
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electrical conductivity has not been demonstrated. The similar
behaviors observed for ω1 and ω2 lead us to propose that both of
these absorption bands originate from optical transitions of small
polarons. Recent first-principles calculations by Atambo et al.46

predict absorption features at 0.33 and 0.60 eV in H-doped and at
0.35 and 0.93 eV in Nb-doped rutile TiO2, which they assign to
transitions from donor-bound electron polarons to the conduction
band minimum. We observe that the maxima of ω2 and ω1 occur
(at LT) near 3300 cm−1 (0.41 eV) and 6600 cm−1 (0.82 eV) in
H-doped and near 3700 cm−1 (0.46 eV) and 7500 cm−1 (0.93 eV) in
Nb-doped samples. Thus, there is good agreement for both dopants
between the positions of our measured absorption bands and their
calculated transition energies. However, the different EAs for ω1 vs ω2

determined from the temperature dependence of α between 5 and
100 K imply that these transitions are due to two different processes,
e.g., excitation to the conduction band, transitions from bound polar-
ons, polaron hopping, but a definitive assignment is not possible here.

Our LT optical measurements of H-doped and Nb-doped
rutile TiO2 offer new insights into the properties of small polarons
and their behavior in this material. Bekisli et al.57 explained the

temperature dependence of the Di LVMs at LT in terms of a
three-level system where each level represents the localization of
an electron on a different Ti site neighboring Di. We consider a
three-level system similar to that of Bekisli’s: two of the levels
(E1 and E3) give rise to the same Di LVM (ωa) and the remaining
level (E2) gives rise to a different LVM (ωc). At 5 K, most of the
electrons are localized on Ti sites neighboring Di and occupy
mainly state E1. As T increases to 20 K, electrons can migrate and
localize on other neighboring Ti sites to occupy state E2 and shift
the intensity of the Di LVMs from ωa to ωc. As T increases even
more, from 20 to 55 K, reconfiguration results in an increased
population of electrons at Ti sites further away from Di, resulting
in an intensity shift from ωc back to ωa. They noted that E3 does
not correspond to one specific Ti site, but rather to many Ti sites
located further away from Di than the Ti sites corresponding to
configurations E1 and E2. Bekisli determined thermal activation
energies between E1 and E2 and between E2 and E3 of 0.5 and
11 meV, respectively, for Di and similar values for Hi. We obtain
similar activation energies for our temperature dependent Di data
using their fitting procedure (not shown).

FIG. 8. (a) Di LVM absorbance spectra and (b) Δα spectra of the D2-annealed rutile TiO2 crystal at temperatures between 10 and 50 K. The legend shown in panel (a)
also applies to the spectra shown in panel (b). The Di LVMs were removed from the α spectra shown in (b) for visual clarity. (c) The normalized areas of ωc/ωa

(blue triangles) and ω2 (black circles), and the normalized amplitude of ω1 (orange squares) for temperatures between 5 and 55 K.
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The model proposed by Bekisli provides one possible explana-
tion for the thermal activation of ω1 and ω2: the reconfiguration of
small polarons to Ti sites located further away from the donor.
This interpretation is driven primarily by the anticorrelation
between the ratio of the Di LVMs (ωc/ωa) and the absorption bands
(ω1 and ω2), which is not possible for the majority of other donors,
e.g., Li, P, and F, because they do not give rise to measurable vibra-
tional lines. Despite the fact that the small polarons are localized
far away from the donor, the different EA’s for H-doped and
Nb-doped samples show that the main donor has a significant
effect on the reconfiguration process. Low temperature EPR mea-
surements34 show consistently that free electrons are localized on
Ti sites at 5 K, i.e., the donors are already ionized at 5 K. In the
context of this model, the EAs determined from our temperature-
dependent absorption measurements are not indicative of
polaron-donor binding energies, but rather of the dynamics of
small-polaron reconfiguration among Ti sites.

So far, we have not attempted to connect the polaronic
absorption bands (ω1 and ω2) to the three-level system used to
model the Di LVMs. At temperatures between 10 and 25 K, the
intensities of the Di LVMs change considerably, whereas there are
negligible changes to ω1 and ω2. Thus, it is unlikely that the polar-
onic absorption bands originate from the E1 or E2 states. Both ωa

(Di LVM corresponding to the E3 level) and the polaronic absorp-
tion bands are thermally activated in the same temperature range
(above 25 K), which suggests, on the one hand, that ω1 and ω2

could originate from the E3 state. On the other hand, it is possible
that the polaronic absorption originates from another channel (e.g.,
free polarons), and the coinciding thermally activated behaviors is
the result of polaron redistribution from the E1 and E2 states to both
E3 and the alternative channel(s) from which ω1 and ω2 originate.
Our data do not allow us to decide which model is more likely.
Furthermore, the amplitudes of ω1 and ω2 are already quite strong
(∼30%–40% and 80%–90% of their maximum intensities, respec-
tively) below their respective onset temperatures: ∼25 K for Hi

donors and ∼50 K for NbTi donors. Our data alone cannot explain
this surprising behavior, and further experimental and theoretical
investigations are needed to clarify its origin.

Previous investigations of the optical absorption37,42 claim
that the intensity of ω1 continues to increase from cryogenic tem-
peratures to 295 K. It is evident from Figs. 5 and 6 that both
ω1 and ω2 experience a thermal deactivation process by which their
intensities decrease as T increases to 295 K. For H-doped samples,
the thermal deactivation of ω2 starts immediately after it reaches its
maximum value (T∼ 55 K). The behavior of ω1 is less clear: in
some samples, the amplitude remains constant up to 100 K and
then begins to decrease, whereas in other samples the amplitude
continues to increase up to 100 K. For Nb-doped samples, ω1 and
ω2 appear to deactivate at higher temperatures: ∼100 K for ω2 and
∼125 K for ω1. Additional investigations are called for to clarify the
origin of the deactivation mechanisms.

V. CONCLUSIONS

The influence of the main donor on the optical and electrical
properties of rutile TiO2 single crystals was studied in samples
rendered n-type conductive and doped with either Nb or H. The

Nb-doped samples contain negligible amounts of Hi compared to
the nominal Nb concentration, which establishes NbTi as the main
donor. In the gas-annealed samples, we show that Hi is the main
H-related defect and potentially the main donor. The optical
absorption spectra of conductive rutile TiO2 crystals exhibit two
absorption features in the IR spectral region (ω1 and ω2) whose
presences are independent of the main donor and whose intensi-
ties are linearly correlated with the electrical conductivity and,
therefore, are proposed to originate from small polarons. The
combination of temperature-dependent data for optical absorp-
tion and defect LVMs provides a powerful picture of the behavior
of small polarons in rutile TiO2. Our data support a model where
ω1 and ω2 are thermally activated by the reconfiguration of small
polarons to Ti sites further away from the donor, a process which
is itself affected by the main donor (Hi or NbTi). We determine EA
ranges for ω2 of 2.5–5.0meV and 8.6–10.6meV for Hi and NbTi,
respectively, and for ω1 of 0.5–1.0meV and 1.4–2.2meV for Hi and
NbTi, respectively. The thermal activation of the optical absorption
bands gives insight into the dynamics of polaron reconfiguration
near the donors, which allows for a systematic study of different
donors that do not give rise to observable LVMs, e.g., VO, Li, and
F. Knowledge of the reconfiguration energies for these other donors
would provide a solid experimental foundation to compare with the
results of first-principles calculations. Such information is crucial to
fully understand and control the behavior of small polarons in rutile
TiO2 and other polaronic materials.
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