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Fig. S1 XRD patterns of the synthesized In+Ta co-doped TiO, samples with different co-
doping levels (0.5%, 5% and 10%). All the samples were of pure rutile TiO, phase.



Fig. S2 The backscattering electron (BSE) images of (In, Ta) co-doped TiO, with nominal
co-doping levels of 0.5%, 5%, and 10% from left to right, respectively. The white “+”
symbols labeled in the image are the nine points that are used to collect EDS spectra to
determine the average In:Ta:Ti ratio to the total cation, and the homogeneity of element
distribution. The BSE images do not show any inhomogeneous element distribution for those
samples in the measureable resolution. The EDS spectra were collected at nine points to indicate
the differentiation of In, Ta and Ti distribution and experimentally determine the average In:Ta:Ti
ratio to the total cation. Note that since the detected element distribution for the sample 0.5% co-
doping level is within the error limit range of the EDS technique, the resultant In:Ta:Ti ratios for
the samples with co-doping level of 5% and 10% are only presented, which are
0.025(£0.001):0.026(£0.001):0.949(£0.001) and 0.050(£0.002):0.051(£0.003):0.899(£0.001),
respectively, clearly showing the average ratio is in a good consistent with the nominal ratio of
0.025:0.025:0.950 and 0.05:0.05:0.900. There is no inhomogeneous chemical distribution
observed in all samples.
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Fig. S3 Frequency-dependent dielectric permittivity and loss (tan 8) of the Ta-only doped
rutile TiO, samples with Ag and Pt electrodes, where 0.25% Ti*" were replaced by Ta>". The
surface effect can be evidently observed in the Ta-only doped rutile TiO, , accompanying with a

high dielectric loss.
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Fig. S4 (a) Frequency-dependent dielectric properties measured under 10V DC bias voltage
and after withdrawal of the DC bias. Inset image is the relationship between the applied DC
bias voltages and the dielectric properties measured at 1 kHz and 1 MHz, respectively. (b)
and (c¢) complex impedance plots [Z’(®)-Z”(®)] (solid symbol) of 0.5% In+Ta co-doped rutile
TiO, measured from 300 K to 450 K, and corresponding fitting results (solid lines) using
Cole-Cole model. To explore the possibility of IBLC, we measured the dielectric properties under
an applied direct current (DC) bias. The measurements were carried out on samples with Ag
electrode after PA. Fig. S4a shows the measured room temperature, frequency-dependent
permittivity and loss tangent curves under 10V DC bias. The permittivity remains nearly
unchanged with and without the DC bias, respectively. Similarly, tan 6 shows no obvious change
in the higher frequency region (>10 kHz) but does not fully recover in the low frequency region
(<10 kHz) after withdrawal of the DC bias. The difference of the tan 6 in the low frequency range
may due to limited space charge within the materials. There is no noticeable voltage dependency
of the permittivity and loss tangent at both measured frequencies. In addition, the impact of DC

voltages (from -10V to 10V) on the dielectric properties of the 0.5% In+Ta co-doped rutile TiO,



is also investigated at 1 kHz and 1MHz frequencies, respectively. Again there is no noticeable
voltage dependency of the permittivity and loss tangent at both measured frequencies. The tan &
measured at 1 kHz slightly change when the DC voltage is applied, but the relative amplitude of
change is still less than 10%. This slightly change may also due to the limited space charge. These
results differ from interfacial polarization dominated systems, in which numerous space charges
were accumulated at interfacial region, resulting in significant increase of permittivity, dielectric
loss or current when a small DC bias is applied.!-* The complex impedance spectra measured from
300 K and 400 K as shown in Fig. S4b can be well fitted using only one parallel RQ element since
only an essentially linear arc with a high frequency near-zero intercept is observed from each
complex impedance plot. The fitting results in the temperature range of 300~400 K suggest that
the complex impedance contains only one component. Thus the intra-grain contribution can be
considered to be the source of the colossal permittivity.* In contrast, the spectrum collected at 450
K cannot be fitted by using only one parallel RQ element, but requires two connected in series i.e.
(ReQo)(RgpQgp). Here, R, and R, represent the grain and grain boundary resistances, respectively.
Qi (i=g, gb) is the corresponding constant phase element.> These results indicate that the interfacial
effect isn’t observed at temperatures below 400 K but appears only above 450 K. This is in good
agreement with the (only high-temperature) Maxwell-Wagner type and also consistent with the
result in Fig. 3a. Therefore, the CP behavior in the 0.5% In+Ta co-doped rutile TiO, samples

should be attributed to the quasi-intrinsic EPDD in grain interior.
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Fig. S5 Temperature dependences of dielectric property of Ta-only doped rutile TiO, (where
0.25% Ti*" were replaced by Ta%") with Ag electrode. Both the dielectric permittivity and loss

show the distinct temperature-dependence behaviors.
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Fig. S6 Impedance and modulus plots for 0.5% In+Ta co-doped rutile TiO, samples
measured at selected temperature points in the temperature range 180~320 K. Inset shows a
magnified region in frequency range 20~10 kHz for modulus. For the relaxation region in 200~300
K, SBLC and IBLC can be excluded since the dielectric relaxation is almost independent of
electrode and voltage, respectively. Therefore, this relaxation should be originated from the bulk
of the sample. In addition to the temperature spectrum, impedance and modulus measurements
were carried out to further investigate the polarization mechanism responsible for the dielectric
relaxation region in 200~300 K. Electric modulus is an effective way to investigate defect
relaxation in polycrystalline ceramics since the transport of mobile charge carriers is related to the
relaxation behavior in both impedance and modulus. The peak height of the impedance Z’’ is
proportional to “R” for the element, while M” is inversely proportional to “C” for the element. The
modulus plots can pick out the grain response while the impedance plot can pick out the surface
and grain effect induced resistance. Thus, the difference of the M and Z” curves will dependent
on the electrical homogeneousness of the ceramic materials, which is related to the long-range or
short range transport behavior of carriers.® Fig. S6 indicates a sharp increase in the imaginary
part of the modulus at high frequency region, whereas no response is found in impedance at high
frequency region. Meanwhile, in low frequency region, a slight response in modulus (inset image)
and a sharp increase of impedance can be visible as the frequency decreases, in which both curves
are not overlapped. These results indicate that both bulk responses of the 0.5% In+Ta co-doped

rutile TiO; is due to localized relaxation rather than long range transport of carriers.
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Fig. S7 (a) Dielectric permittivity for 0.5% In+Ta co-doped rutile TiO, over temperature
range 180~325 K. (b) Plotting of In(1/e-1/gy,) vs In(T-T,) measured at 100 Hz. (c¢) Plot of In f
versus 1/T for 0.5% In+Ta co-doped rutile TiO,.

Fig. S7a shows the relaxor-type relaxation observed within the temperature range 200~300 K for
0.5% In+Ta co-doped rutile TiO,. It can be seen that at higher frequencies the peaks are broader
(diffuse). A decrease in the maximum dielectric permittivity value &, is observed with increasing

frequency in addition to an increase in the temperature position Th,.

A modified empirical quadratic Curie-Weiss law was used to describe the diffuseness of the

relaxor-type state, given by
1/e=1/enH(T-Tpy)"/C, (1)

where g, is the maximum permittivity value at T,,, C is Curie constant and the degree of
diffuseness of the permittivity peak. The exponent y was obtained by fitting £(T) data on the high
temperature side of T, in the range of T;;+25 K~ T,,+50 K. In(1/e-1/¢,,) was plotted against In(T-
T.,) measured at 100 Hz (Fig. S7b). A diffuseness y of ~1.5 was obtained, indicating a relaxor
relaxation behavior.>!? This result support the relaxor-type behavior for the dielectric relaxation
corresponds to 200~300 K region. Fig. S7c presents the linear fitting of the In(f) vs 1/T for the
relaxation peaks from dielectric loss curves, an activation energy of 0.562 eV activation energy
followed by an engine frequency value of 429 THz were obtained using Arrhenius equation. The
high activation energy combined with the THz level Eigen-frequency value also support the

relaxor type relaxation from cation move of center.
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