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Perovskite-type SrTiO3�d ceramics are multifunctional materials with significant potential as

n-type thermoelectric (TE) materials. The electronic and thermal transport properties of spark

plasma sintered polycrystalline Sr1�xYxTiO3�d (x¼ 0.05, 0.075, 0.1) ceramics are systematically

investigated from (15–800) K. The Sr0.9Y0.1TiO3�d simultaneously exhibits a large Seebeck

coefficient, a>�80 lV/K and moderately high electrical resistivity, q� 0.8 mX-cm at a carrier

concentration of �1021 cm�3 at 300 K resulting in a high TE power factor defined herein as

(a2rT)� 0.84 W/m-K at 760 K. Despite the similar atomic masses of Sr (87.6 g/mol) and Y

(88.9 g/mol), the lattice thermal conductivity (jL) of Sr1�xYxTiO3�d is significantly reduced with

increased Y-doping, owing to the smaller ionic radii of Y3þ (�1.23 Å, coordination number 12)

compared to Sr2þ (�1.44 Å, coordination number 12) ions. In order to understand the thermal

conductivity reduction mechanism, the jL in the Sr1�xYxTiO3�d series are phenomenologically

modeled with a modified Callaway’s equation from 30–600 K. Phonon scattering by elastic strain

field due to ionic radii mismatch is found to be the prominent scattering mechanism in reducing jL

of these materials. In addition, the effect of Y-doping on the elastic moduli of Sr1�xYxTiO3�d

(x¼ 0, 0.1) is investigated using resonant ultrasound spectroscopy, which exhibits an anomaly in

x¼ 0.1 in the temperature range 300–600 K. As a result, the phonon mean free path is found to be

further reduced in the Sr0.9Y0.1TiO3�d compared to that of SrTiO3�d, resulting in a considerably

low thermal conductivity j� 2.7 W/m-K at 760 K. Finally, we report a thermoelectric figure of

merit (ZT)� 0.3 at 760 K in the Sr0.9Y0.1TiO3�d, the highest ZT value reported in the Y-doped

SrTiO3 ceramics thus far. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4882377]

I. INTRODUCTION

Perovskite-type SrTiO3 are versatile materials that exhibit

novel transport properties namely, quantum paraelectricity,1

induced ferroelectricity,2–4 superconductivity,5 coexistence of

superconductivity and ferromagnetism,6 piezoelectricity,7

photo-catalytic activity,8,9 and potential thermoelectricity.10

The crystal structure of pure SrTiO3 exhibits a cubic lattice

(a� 3.905 Å, space group Pm�3m at room temperature), with

unit cell consisting of a titanium-oxygen (TiO6) octahedron

enclosed in a cube of Sr-atoms.11 Below 105 K, SrTiO3 under-

goes a structural phase transition (SPT) from a cubic to tetrag-

onal structure that is due to the rotation of the TiO6

octahedra.12 Carrier doping effects on the rotation of TiO6

octahedra in SrTiO3 were investigated by first-principle calcu-

lations by Uchida et al.,13 pointing out that further instabilities

of the high temperature cubic phase could be induced by elec-

tron dopants of dissimilar atomic masses or radii. Despite the

simplicity of the crystal structure, the SrTiO3�d system exhib-

its a wide range of novel properties arising from small distor-

tions of the ideal perovskite structure, due to light doping,

defects, and/or oxygen non-stoichiometry.

In recent years, doped SrTiO3�d ceramics have attracted

significant attention as potential n-type thermoelectric (TE)

materials to couple with high TE performance of p-type

Co-oxide based materials for use in a TE module.10,14 Pure

SrTiO3 is a wide band gap insulator (Eg� 3.2 eV),15–17 which

transforms into a degenerate semiconductor upon doping at

the Sr-site, or Ti-site and/or creating oxygen vacancies.

Oxygen vacancies play an important role in ceramic oxides, in

enhancing electronic properties as well as acting as scattering

centers in order to reduce thermal conductivity. They are

known to create defect states near the conduction band that

enhance the electrical conductivity in the non-stoichiometric

SrTiO3�d.18 Further, the role of oxygen vacancies in suppress-

ing the thermal diffusivity of reduced rutile TiO2

was theoretically pointed out by Klemens.19 The doped

SrTiO3�d simultaneously exhibits high Seebeck coefficients

(a��200–300 lV/K at 750 K) originating from large

a)Authors to whom correspondence should be addressed. Electronic

addresses: bbhatta@clemson.edu and ttritt@clemson.edu
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effective masses (m*) of the carrier electrons (�6–10) me, and

moderately low electrical resistivities (q< 5 mX-cm at

750 K), which give rise to high thermoelectric power factors

(PF¼ a2rT� 0.8–1.3 W/m-K).10,20 They are chemically sta-

ble, non-toxic perovskite oxides, ideal for application as TE

device at moderate to high temperature ranges. Unlike many

doped semiconductors, however, one of the chief advantages

of the doped SrTiO3�d is the non-existence of bipolar contri-

bution (i.e., minority carriers) in electrical transport properties

at higher temperatures. Based on the estimation of n-type and

p-type pinning energies, Robertson et al.21 pointed out that

the doped SrTiO3 oxides are unlikely to form bipolar

semiconductors by electronic doping, due to their high p-type

pinning limits in TiO2 and SrTiO3. This gives rise to compara-

tively high electronic transport properties at temperatures,

T> 600 K, without any bipolar contribution.

Despite the promising electronic properties of SrTiO3�d

ceramics, a comparatively high total thermal conductivity,

jT� 11 W/m-K at 300 K in single crystalline SrTiO3,22 is

observed owing to their simple cubic structure and bonding

with lighter oxygen atoms.10 To enhance the thermoelectric

figure-of-merit (ZT) or ZT ¼ a2rT
jLþjE

, the challenge is to reduce

the high jT (¼ jEþjL) arising from a considerably large jL,

while simultaneously maintaining their promising electronic

transport properties. The Y-doped SrTiO3 ceramics have been

studied extensively for their potential as anode/cathode

materials for solid oxide fuel cells (SOFCs), where high elec-

tronic conductivity is required.23–25 Hui et al.26 reported

“unusually high” electrical conductivity (r� 64 S/cm) in the

Sr0.88Y0.08TiO3 at 800 C, in comparison (r< 20 S/cm) to other

rare earth dopants such as La, Pr, Sm, Gd, and Yb. The differ-

ence in electronic structures between Y:[Kr]4d5s2 and other

rare-earth elements, with the exception of La:[Xe]5d6s2, is the

absence of the f-shell electrons that may lead to different elec-

tron scattering mechanisms. In the hot-pressed Sr0.9Y0.1TiO3

ceramic, a high thermoelectric power factor PF� 0.7 W/m-K

at 750 K is reported by Obara et al.,27 although a thermal con-

ductivity jT� 5.7 W/m-K at 490 K consequently reduces the

thermoelectric ZT to about 0.1 at 490 K. Our interest in the

Y-doped SrTiO3�d lies in the promising electronic transport

properties and a potentially low thermal conductivity, arising

from the smaller ionic radii of Y3þ (�1.23 Å, coordination

number 12) compared to Sr2þ (�1.44 Å, coordination number

12) ions.28 This value of ionic radii of Y3þ of coordination

number (CN) 12, is linearly extrapolated from Shannon

et al.,28 in the absence of ionic radii value at a CN � 12. Our

research indicates that the electronic transport properties of

Y-doped as well as Yb-doped SrTiO3�d are highly dependent

on synthesis parameters.29 A systematic optimization of syn-

thesis conditions yields a high power factor (a2rT)

PF� 0.84 W/m-K and a comparatively low thermal conduc-

tivity, jT� 2.7 W/m-K at 760 K, resulting in a high ZT� 0.3

at 760 K in the Sr0.9Y0.1TiO3.

II. EXPERIMENTAL PROCEDURE

Polycrystalline Sr1�xYxTiO3�d (x¼ 0, 0.05, 0.075, 0.1)

ceramics were synthesized using combined solid-state reac-

tion (SSR) in air and rapid densification via a specified spark

plasma sintering (SPS) technique. Stoichiometric ratios of

SrCO3 (Sigma Aldrich, 99.9%), TiO2 (Sigma Aldrich,

nano-powders < 20 nm, 99.5% purity), and Y2O3 (Alfa

Aesar, 99.9%) powders were mixed according to the follow-

ing conventional SSR:

ð1� xÞSrCO3 þ
x

2

� �
Y2O3 þ TiO2

! Sr1�xYxTiO3 þ ð1� xÞCO2 " : (1)

The mixed powders were finely ground by a mortar and pes-

tle, cold pressed, and then calcined in air at 1300 �C, close to

the melting point of SrCO3 (�1350 �C). The process is fol-

lowed by intermediate grinding and cold pressing and further

calcinations at 1400 �C a few more times. The calcined

powers were rapidly densified by SPS under dynamic vac-

uum using Dr. SINTER LAB 515S system. The SPS yields a

highly densified compact pellet, with a density (qD) as meas-

ured using the Archimedes principle that is >95% of the the-

oretical density of the material. The as-produced pellets are

12.7 mm in diameter and 2–3 mm thick. The SPS processed

samples do not show any anisotropy in transport properties

due to the cubic structure of SrTiO3 crystal lattice. High

resolution X-ray diffraction (HR-XRD) is performed using a

RIGAKU Ultima IV diffractometer, Cu Ka radiation,

k¼ 1.5406 Å on samples densified using SPS. Quantitative

analysis using Rietveld refinement is performed on the XRD

peaks using PDXL software.

Resistivity and thermopower were measured quasi-

simultaneously in a closed cycle helium cryostat from 10 to

300 K and the 4-probe measurement technique is described in

detail elsewhere.30 The commercial ZEM (ULVAC-RIKO,

ZEM-2) was used to measure resistivity and thermopower

from 300–800 K under partial He-atmosphere. Thermal con-

ductivity was measured from 10 to 300 K on a custom

designed measurement system using steady state technique.31

The thermal conductivity at low temperatures is corrected for

radiation losses above 200 K, using the Stefan-Boltzmann

power law.31 Thermal conductivity at high temperatures

(300–900 K) was calculated using j¼CvdqD, where d is the

thermal diffusivity measured, using NETZCH Laser Flash

system (LFA 457), qD is the mass density of the samples, and

Cv � Cp is specific heat capacity at constant pressure meas-

ured using NETZCH high temperature differential scanning

calorimetry (DSC) system (Pegasus 404). There was very

good agreement between the low and high temperature meas-

urements of both electronic and thermal transport properties

as can be observed in Figures 2 and 4. The carrier concentra-

tion is determined as a function of temperature from

10–300 K by Hall coefficient measurements using the com-

mercial Quantum Design Physical Properties Measurement

System (PPMS) under low (60.5 T) and high (63 T) mag-

netic fields, which showed no change in the carrier concentra-

tion, n. Elastic moduli were measured using resonant

ultrasound spectroscopy (RUS)32 from 300–750 K at the

National Center for Physical Acoustics at the University of

Mississippi. Experimental details for high temperature RUS

measurements can be found in the following Ref. 33.

223712-2 Bhattacharya et al. J. Appl. Phys. 115, 223712 (2014)
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III. RESULTS AND DISCUSSION

A. XRD and microstructure

The crystal structure and phase purity of densely packed,

Sr1�xYxTiO3�d (x¼ 0.05 to 0.1) ceramics have been con-

firmed by XRD patterns, as shown in Figure 1(a).

Quantitative analysis using Rietveld refinement indicates that

a cubic SrTiO3 phase with a space group Pm�3m [JCPDS card

#01-086-0177] constitutes about �99% of the total weight,

with reflections of minute amounts of Y2O3 [JCPDS card

#01-074-1828]. The goodness of fit obtained for all the com-

positions range from S � 1.5 to 2.0 with Rwp. values ranging

from 14%–18%. A shift in diffraction peaks is observed at

higher angles with Y-doping from x¼ 0 to x¼ 0.1, indicating

that the lattice is shrinking with incorporation of Y at Sr-site.

The lattice parameters estimated using Rietveld refinement

are in good agreement with reported values.

The micro-structural analysis of Sr1�xYxTiO3�d series

using SEM indicates close-packed grains with no observable

porosity, contrary to previous reports of porous microstruc-

ture in the Y-doped SrTiO3.23 Figure 1(b) shows the SEM

image of a polished sample surface of x¼ 0.075. The

observed grains are close-packed with distinct grain boundary

and average grain size �5 –10 lm.

B. Electronic transport

Figure 2(a) shows the temperature dependence of electri-

cal resistivity in the Sr1�xYxTiO3�d series from (10–750) K.

Electrical resistivity shows degenerate semiconducting or

“metal-like” behavior, increasing linearly with increasing

temperature above 400 K. The residual resistivity of the doped

samples decreases with increasing Y content from x¼ 0.05 to

0.1, with x¼ 0.1 exhibiting the lowest residual resistivity in

the series. At room temperature, the electrical resistivity

(q) drops from q� 4 mX-cm in x¼ 0.05 to q� 0.8 mX-cm

(r� 1250 S/cm) in x¼ 0.1. Hall coefficient measurements

indicate a high value of the carrier concentration (n) of

3� 1020 cm�3 in x¼ 0.05 increasing to �2 6 0.5� 1021 in

the x¼ 0.1. To the best of our knowledge, there are no previ-

ous reports of carrier concentration in the Y-doped SrTiO3

ceramics in the literature. The Hall mobility (l¼ 1/neq)

decreases with increasing Y-doping from x¼ 0.05 to 0.1 at

FIG. 1. (a) High Resolution X-ray Diffraction patterns of Sr1�xYxTiO3,

x¼ 0.05, 0.075, 0.1 (b) SEM image of a polished surface of x ¼ 0.075.

FIG. 2. (a) Electrical resistivity as a function of temperature, and (b) temper-

ature dependence of electron mobility of Sr1�xYxTiO3, x¼ 0.05, 0.1.

223712-3 Bhattacharya et al. J. Appl. Phys. 115, 223712 (2014)
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room temperature as shown in Figure 2(b). In the

Sr0.9Y0.1TiO3�d ceramic, electron mobility (l¼ 1/neq) is esti-

mated to be low with l� 9 cm2 V�1s�1 at 15 K, which

decreases to �4 cm2 V�1s�1 at 300 K. The electron mobility

in the Sr0.95Y0.05TiO3�d varies from �15 cm2 V�1s�1 at

15 K, which reduces to �7 cm2 V�1s�1 at 300 K. With n
found to be temperature independent, both the electrical con-

ductivity and the mobility decrease as a function of tempera-

ture as T�0.8 and T�0.9 in x¼ 0.05 and 0.1, respectively, in

the temperature range of 150–300 K indicating a possible

mixed scattering phenomenon in this temperature range.

Other groups have reported a change in the dominant scatter-

ing mechanism at T� 750 K in La-doped SrTiO3, with mobil-

ity varying as T�2.0 below 750 K, indicating mixed acoustic

and polar optical phonon scattering occurring, and as T�1.5

above 750 K indicating only acoustic phonon scattering above

750 K.34

Figure 3(a) shows the temperature dependence of ther-

mopower or Seebeck coefficient as a function of temperature

from (10–800) K in the above series. The thermopower in

this series exhibit high values ranging from a��330 lV/K

in x¼ 0.05 and a��200 lV/K in x¼ 0.1 at 760 K. The

materials show n-type behavior that is diffusive in nature,

increasing linearly with temperature up to about 425 K.

Above 425 K, the slope of thermopower changes slightly

with increase in temperature, due to possible changes in scat-

tering mechanisms. The change in slope above 425 K is

clearly evident in the da/dT behavior of x¼ 0.075 and 0.1,

as shown in the inset of figure 3(a). Similar anomalies in the

thermopower were observed by other groups35 at higher tem-

peratures �750 K. Ohta et al.34 showed the temperature de-

pendence of the calculated carrier scattering parameter r in

La and Nb-doped SrTiO3 single crystals and found it to

decrease from r¼ 0.5 to r¼ 0 at �750 K, indicating both po-

lar optical and acoustic phonon scattering below 750 K and

acoustic phonon scattering above 750 K. Using a simple par-

abolic band approximation, the effective masses of

Sr1�xYxTiO3�d series are calculated from measured thermo-

powers and carrier concentration (n) at room temperature

using the relation36

a ¼ 8p2k2
B

3eh2

� �
m�T

p
3n

� �2=3

ð1þ rÞ; (2)

where the scattering parameter r determines the energy-

dependence of the relaxation time in the power law form,

sðEÞ ¼ s0Er�1=2. With r¼ 0.5 corresponding to polar optical

phonon scattering, the effective masses of Sr1�xYxTiO3�d

are estimated from thermopower (a) vs. carrier concentration

(n) at room temperature in the Pisarenko plot shown in

Figure 3(b). It is observed that the value of the effective

masses in the Sr1�xYxTiO3�d (x¼ 0.05, 0.075, 0.1) is about

m*� 3.5 me. Effective mass of (6.0–6.6)me have been

reported in the La-doped SrTiO3 by Ohta et al.34

The combination of high thermopowers a>�80 lV/K

and moderately low electrical resistivity values, q< 5 mX-

cm at a carrier concentration, n� 1021 /cm3 at 300 K in the

Sr0.9Y0.1TiO3�d strongly suggest degenerate semiconducting

behavior. The thermoelectric power factors increase with

increased Y-doping, giving rise to a high values of power

factor, PF� a2rT� 0.84 W/m-K at 750 K, in the x¼ 0.1.

C. Thermal transport and thermoelectric
figure-of-merit

Figure 4(a) shows the total thermal conductivity (j) of

Sr0.9Y0.1TiO3�d compared to pure SrTiO3�d in the tempera-

ture range of (10–900) K. The temperature dependence of

measured jT matches well with that of single crystalline

SrTiO3�d measured by Muta et al.22 at T> 300 K. As seen in

Figure 4(a), pure SrTiO3�d exhibits a broad peak in jT at

Tp� 150 K, which is suppressed considerably by Y-doping,

due to increased phonon scattering by point defects. The

thermal conductivity is observed to increase slowly with

temperature, which may be attributed to the high Debye tem-

perature (�513 K) reported in these materials.37 The jT of

Sr0.9Y0.1TiO3�d is further reduced to about �2.7 W/m-K at

760 K compared to �3.6 W/m-K in SrTiO3�d at the same

temperature. The electronic transport properties of SrTiO3�d

will be presented in details elsewhere.38 Combining the high

FIG. 3. (a) Seebeck coeffecient of Sr1�xYxTiO3 x¼ 0.05, 0.075, and 0.1.

Inset shows –(da/dT), indicating a change in slope in thermopower above

400 K, shown by arrows. (b) Pisarenko plot.

223712-4 Bhattacharya et al. J. Appl. Phys. 115, 223712 (2014)
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TE power factor, PF� 0.84 W/m-K and the comparatively

low thermal conductivity in the Sr0.9Y0.1TiO3, a ZT� 0.3 at

760 K is achieved, which is the highest ZT value reported

thus far in the Y-doped SrTiO3 ceramics39 (Figure 4(b)). A

ZT� 0.35 at T� 1000 K is the highest ZT reported in the

polycrystalline SrTi0.8Nb0.2O3 ceramic oxide, which is at a

much higher temperature of operation compared to our cur-

rent results.40

Based on a phenomenological model proposed by Cahill

et al.,41,42 we estimate the minimum thermal conductivity

using

jmin ¼
p
6

� �1=3

kBn2=3
a

X
i

vi
T

hi

� �2 ðhi=T

0

x3ex

ðex � 1Þ2
dx; (3)

where na is the number of atoms per unit volume, vi is the

sound velocity, and hi is the cut-off frequency in the unit of K
for polarization mode i. Using the room temperature value of

the mean velocity of sound of pure SrTiO3�d estimated

from RUS measurements discussed in Sec. E, we estimate

a cut-off frequency, hi ¼ við�h=kBÞð6p2naÞ1=3 � 674K.

Substituting the value of hi in the above equation, a jmin in

the temperature range of 10–1000 K is estimated as shown in

the Figure 4(a). Our estimated value of jmin� 1.5 W/m-K at

room temperature and 1.8 W/m-K at 1000 K in SrTiO3 are in

fair agreement with jmin� 1.4 W/m-K at 300 K and

�1.8 W/m-K at 1000 K reported by Wang et al.43 Our calcu-

lation of jmin is applied to SiO2 and Zr0.85Y0.15O1.925 reported

in Cahill’s paper in the temperature range 10–300 K for com-

parison and it is in good agreement with the reported

values.41

As observed in Figure 4(a), the jT of the SrTiO3�d

measured at room temperature is higher, almost by a factor

of 2 compared to the theoretical minimum estimated using

Cahill’s model. Hence phonon scattering mechanisms via

Y-doping on the lattice thermal conductivity (jL) are investi-

gated using a phenomenological Callaway’s model. With

10% Y-doping at the Sr site in SrTiO3�d, jL decreases con-

siderably via increased phonon scattering due to elastic strain

field effects, as discussed in the later sections.

D. Modified Callaway’s model

The electronic contribution to thermal conductivity (jE)

is estimated by the Wiedemann Franz relation: jE¼L0rT,

where the Lorentz number, L0¼ 2.0� 10�8 V2/K2 for a

degenerate semiconductor.44 The lattice thermal conductiv-

ity (jL) is estimated by subtracting the electronic part from

the total thermal conductivity, jT. The temperature depend-

ence of jL is a signature behavior resulting from different

phonon scattering mechanisms that limit thermal conduction

at low and high temperatures as discussed below. In the

Debye model using relaxation time approximation, a phe-

nomenological model for jL is given by Callaway45,46 as

represented by

jLðxÞ ¼
kB

2p2vs

kBT

�h

� �3 ðHD
T

0

x4ex

s�1
ph ðex � 1Þ2

dx; (4)

where x¼ �hx=kBT is the reduced phonon frequency, x is the

phonon frequency, �h is the reduced Planck constant, kB is the

Boltzmann constant, and T is the absolute temperature. The

total relaxation time (sph) is given by s�1
ph ¼ s�1

PD þ s�1
U þ s�1

B ,

consisting of phonon scattering by point defects (s�1
PD¼Ax4),

the anharmonic phonon-phonon or Umklapp (U) scattering

(s�1
U ¼Bx2Te�hD=3T), and the phonon-boundary scattering

(s�1
B ¼ vs/D), respectively. Callaway’s model assumes that

the phonon scattering effects are additive following

Matthiessen’s rule47,48 and all the scattering processes, except

boundary scattering can be represented by frequency-

dependent relaxation times. The model assumes that heat is

carried by acoustic phonons and makes no distinction

between longitudinal and transverse phonons. A single aver-

aged phonon velocity approximately equal to the velocity of

sound vs is assumed over the entire temperature range. For

boundary scattering, D represents an effective phonon mean

FIG. 4. (a) Total thermal conductivity of Sr1�xYxTiO3 (x¼ 0.0, 0.1), com-

pared with single crystalline SrTiO3 by Muta et al.22 and minimum thermal

conductivity estimated using Cahill’s model. (b) Thermoelectric figure of

merit, ZT of Sr0.9Y0.1TiO3 compared to other groups.39
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free path, limited by average grain size (polycrystals) or crys-

tal geometry (single crystals).49 The relaxation time for point

defect scattering (sPD) estimated by Klemens50,51 is given by

s�1
PD ¼ Ax4 ¼ V

4pvs
3
x4C; (5)

which is similar to Rayleigh scattering of phonons and repre-

sents a combination of impurity and isotope scattering,

where the point defect scattering parameter related to mass

fluctuation scattering is C, V is the volume per atom, and vs

is the phonon velocity. The point defect term is modified by

Abeles52 to include the effects of strain field scattering as

follows:

C ¼ CMF þ CSF ¼
X

i

xi
DMi

M

� �2

þ e
Ddi

d

� �2
" #

; (6)

where CMF and CSF represent the point defect scattering pa-

rameters arising from mass fluctuation scattering and strain

field scattering effects, respectively, DM is the mass differ-

ence of the host and the impurity atom, M is the mass of the

average ternary cluster, e is a phenomenological strain pa-

rameter, (Ddi) is the difference in ionic radii of the host and

the impurity atom, and d is the average ionic radii.53,54 The

relaxation time for three-phonon Umklapp process in

Callaway’s model is given by s�1
U
¼ B1x2T3, where B1 con-

tains an exponential temperature factor �e�h/aT. The effect

of the normal phonon scattering process, which is valid for

low frequency longitudinal phonons and makes no direct

contribution to the thermal resistance, has been

neglected.55–57 Currently, the relaxation time for Umklapp

scattering proposed by Slack et al.58 based on a model by

Leibfried and Schlomann59 is used as follows:

s�1
U ¼ Bx2Te�hD=3T � �hc2

Mvs
2hD

x2Te�hD=3T ; (7)

where hD is the Debye temperature, M is the average mass

of an atom in the crystal, and c is the Gr€uneisen parameter.

Using the modified Callaway’s equation (Eq. (4)), the lat-

tice thermal conductivities of Sr1�xYxTiO3�d (x¼ 0.05,

0.1) are modeled in the temperature range (30–600) K as

shown in Figure 5. Assuming mass fluctuation and strain

field scattering effects occurring between the Sr and Y

atoms only, the point defect scattering parameter A(calc)
from Eqs. (5) and (6) and the Umklapp scattering parameter

B(calc) from Eq. (7) are theoretically calculated using

measured and reported material parameters as discussed

below. The values of A(calc) and B(calc) are used as initial

guesses for fitting the experimental results as listed in Table

I. The actual fitting parameters A(fit) and B(fit) are also

tabulated for comparison. The Umklapp scattering and

point defect scattering fitting parameters A and B are

observed to be within similar orders of magnitude as esti-

mated in other materials.60

In addition, above 350 K, a modification suggested by

Slack et al.61 is used to model jL as follows:

jL ¼
kB

2p2vs

kBT

�h

� �3 ðh=T

0

scx2dx (8)

with s�1
c ¼ ðBUT þ BHT2Þx2 þ Ax4, where A is the relaxa-

tion time for point defect scattering as defined in Eq. (5), BU

and BH are relaxation times for Umklapp scattering, with BH

a higher order four-phonon scattering parameter. The param-

eters A(HT), BU, and BH used for fitting data at high tempera-

tures are listed in Table I. While the calculated parameter,

A(calc) is the same over the entire temperature range, the

FIG. 5. Lattice thermal conductivity of x¼ 0.05 and 0.1 modeled using

modified Callaway’s equation. The vertical dotted line near 360 K separates

the fits at low (LT) and high temperatures (HT).

TABLE I. Fitting parameters used in Callaway’s model, where CMF and CSF

are the point defect scattering parameters due to mass fluctuation scattering

and elastic strain field effect respectively, e is a phenomenological strain pa-

rameter, A and B are point defect and Umklapp scattering parameters, BU

and BH are the high temperature Umklapp fitting parameters, vs is the mean

velocity of sound, D is the average grain diameter, x is a correction factor,

HD is the Debye temperature, and c is the Gr€uneisen parameter.

X 0.0 0.05 0.1 References

CMF (calc) ... 6� 10�5 1� 10�4

CSF (calc) ... 5� 10�2 1� 10�1

e ... 39 § 39 §[52]

A (calc) (s3) ... 4� 10�43 8� 10�43

A(fitted) (s3) (LT) ... 2.8� 10�43 5.0� 10�43

A (fitted) ((s3) (HT) ... 3.0� 10�43 9.7� 10�43

B (calc) (sK�1) ... 5 � 10�19 5 � 10�19

B (fitted) (sK�1) ... 9.4� 10�18 9.0� 10�18

BU (fitted) ... 4.9� 10�18 4.9� 10�18

BH (fitted) ... 0.001� 10�21 0.001� 10�21

vs at 300 K (ms�1) 5172 5040 4908

D (lm) 5 5

vs/xD (fit) (s�1) ... 3.4� 1011 4.0� 1011

X 0.003 0.002

HD (K) 513 * 500 490 * [37]

c 1.5 � 1.6 1.7 �[66]
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parameters A(fitted)(HT) and A(fitted)(LT) denote the point

defect scattering parameters used for fitting jL at high (HT)

and low temperatures (LT), respectively. The small variation

between A(fitted)(HT) and A(fitted)(LT) possibly arise from

the different Umklapp scattering parameters used above and

below 360 K. As observed from Figure 5, the model can

account for the experimental data within <62.5%, up to a

temperature of about 400 K, above which other phonon scat-

tering mechanisms might become prominent and need to be

accounted for.

Some of the approximations used in the model are dis-

cussed below, which may explain the uncertainties observed

between calculated and fitted parameters. The mean veloc-

ities of sound vs of pure SrTiO3�d and Sr0.9Y0.1TiO3�d in the

temperature range 300–800 K are estimated from elastic

moduli measured using resonant ultrasound spectroscopy

discussed in Sec. E. The average vs at 300 K is extrapolated

for x¼ 0.05 from a linear fit between x ¼ 0.0 and 0.1, which

is listed in Table I. In addition, the elastic moduli of pure

SrTiO3�d is known to undergo a lattice softening at the SPT

at 105 K due to rotation of the TiO6 octahedra,12,62 which

makes the low temperature dependence and value of vs

unknown in both pure and doped SrTiO3�d. Moreover, it is

observed that in materials with an Umklapp peak at higher

temperatures, Tp> 150 K, it is usually difficult to model the

temperature dependence of jL below the peak using an

inverse relaxation time of vs/D. This is possibly due to the

increased phonon interactions between the grain-boundary

scattered phonons at these higher temperatures,63 leading to

a phonon mean free path that is smaller than the size of the

grain, D. As observed from Figure 3(a), the Umklapp peak in

pure and doped SrTiO3 ceramics are at a high temperature

Tp� 150 K. Assuming boundary scattering to be a

semi-diffusive scattering mechanism at these temperatures, a

correction factor, x64,65 is used to model the temperature de-

pendence of jL and the value of vs/xD, indicating is listed in

Table I. The Debye temperature hD of the doped ceramics

are arbitrarily fixed at values lower than hD� 513 K reported

for pure SrTiO3�d
37 as listed in Table I. The Gr€uneisen pa-

rameter for pure SrTiO3 is reported to be c¼ 1.5.66 The

Gr€uneisen parameter, which is a measure of the anharmonic-

ity of the crystal lattice, would be higher in the Y-doped

SrTiO3, and they have been arbitrarily set at higher values as

shown in Table I. The uncertainty between B(calc) and B(fit)
is slightly higher, which could be originating from the uncer-

tainty in the parameters used to estimate B(calc).
Nevertheless, the point defect scattering parameter A,

which is comprised of both mass fluctuation scattering (CMF)

and strain field scattering (CSF), increases with increasing

Y-doping as observed from Table I. The atomic masses of Sr

(87.6 g/mol) and Y (88.9 g/mol) are similar due to their close

proximity in the periodic table, but the ionic radii of Y3þ

(�1.23 Å, coordination number 12) is smaller than Sr2þ

(�1.44 Å, coordination number 12) ions. In a non-ideal crys-

tal structure, ions and atoms of different ionic radii may scat-

ter phonons due to localized distortion of their bond lengths,

thus forming elastic strain fields in the lattice.67 It is

observed that CMF � CSF and the increase in A occurs

chiefly from an increase in CSF. The reduction of jL thus

arises from scattering of phonons by elastic strain fields in

the lattice due to the smaller ionic radii of Y3þ with respect

to Sr2þ ions.

E. Elastic moduli and mean velocity of sound

The effect of Y-doping on the elastic moduli of SrTiO3

lattice is further investigated using RUS in the temperature

range 300–750 K. Small grained polycrystalline materials

are elastically isotropic and thus exhibit only two independ-

ent elastic moduli, a longitudinal modulus c11, and the shear

modulus c44, which are related to the longitudinal and trans-

verse velocities of sound respectively. Figures 6(a) and 6(b)

show the two elastic moduli as a function of temperature for

polycrystalline Sr1�xYxTiO3�d (x¼ 0, 0.1) ceramics. As the

temperature increases from 300 to 750 K, both c11 and c44 of

pure SrTiO3�d are found to decrease, as is typical for sol-

ids.68 In contrast, the temperature dependence of elastic

moduli of Sr0.9Y0.1TiO3�d shows a distinct anomaly, where

the c44 remains almost unchanged in between 300–600 K

and then gradually decreases with increasing temperature.

FIG. 6. Elastic moduli (a) c11 and (b) c44. vs. temperature of Sr1�xYxTiO3

(x¼ 0.0, 0.1). A distinct anomaly is observed in x¼ 0.1.
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The internal friction, Q�1 ¼ Df=f (where Q is the quality

factor of resonance estimated from the half-width at full

maximum (FWHM) of the resonant frequencies and f refers

to the center frequency of the resonance peak), shows a simi-

lar anomaly over the temperature range 300–600 K. The

mean velocity of sound, vs, is estimated in the pure and

Sr0.9Y0.1TiO3�d from 300 to 750 K with the measured values

of c11 and c44:69,70

vs ¼
1

3

2

v3
T

þ 1

v3
L

� �� ��1=3

; (9)

where vL ¼
ffiffiffiffiffi
c11

q

q
and vT ¼

ffiffiffiffiffi
c44

q

q
are the longitudinal and

transverse velocities of sound as shown in Figure 7(a). The

anomaly is also observed in the temperature dependence of

vs in the Sr0.9Y0.1TiO3�d ceramic. Our measurements of lon-

gitudinal and transverse velocities of SrTiO3�d are in good

agreement with other groups.22,71 The value of vs in x¼ 0.0

ranges from 5172 m/s to 4932 m/s at 300 K and 723 K,

respectively. The velocity of sound is lower in the

Sr0.9Y0.1TiO3�d ranging from 4908 m/s to 4855 m/s at 300 K

and 723 K, respectively. As observed in Figure 3(a), the

slope of the thermopower changes at �425 K in the

Sr0.9Y0.1TiO3�d, possibly due to change in phonon scattering

mechanisms. Although no anomaly in the elastic moduli is

observed in x¼ 0.0, a similar change of slope is observed in

the thermopower of pure SrTiO3�d at this temperature

(results presented elsewhere).38 Hence, a direct correlation

between the anomaly in elastic moduli in x¼ 0.1 and the

change in slope of the thermopower could not be made.

Although the exact nature of the anomaly in the elastic mod-

uli of Sr0.9Y0.1TiO3�d needs to be further investigated, it is

possible that at higher temperatures, the elastic strain gener-

ated in the lattice due to smaller ionic radii of Y with respect

to Sr is observed in the elastic moduli behavior.

F. Phonon mean free path

The anomaly in the elastic moduli of x¼ 0.1 further

reflects increased phonon scattering in the Sr0.9Y0.1TiO3�d.

Using the mean velocity of sound (or the phonon velocity)

estimated from RUS measurements in x¼ 0.0 and 0.1 in the

temperature range 300–800 K, the phonon mean free paths

(‘) of Sr1�xYxTiO3�d (x¼ 0.0 and 0.1) are calculated using

the relation from the kinetic theory of gases, jL ¼ 1=3cvvs‘,
where jL is the lattice thermal conductivity, cv is the specific

heat per unit volume of phonons, and vs is the phonon veloc-

ity which is the mean velocity of sound. Figure 7(b) shows

the phonon mean free paths of Sr0.9Y0.1TiO3�d and

SrTiO3�d, estimated using measured values of heat capacity,

velocities of sound and jL values obtained from measured

thermal conductivity in this temperature range. As observed

from the figure, the value of ‘ is comparatively lower in

x¼ 0.1, compared to the pure SrTiO3�d, which signifies that

Y-doping is effective in increasing phonon scattering in

these oxides. The low values of ‘< 2 nm in the SrTiO3�d are

comparable to the values reported by Wang et al.43 These

low values of ‘ also indicate that nano-structuring may not

be an effective option for reducing jL in the SrTiO3 oxides.

IV. CONCLUSIONS

The effect of Y-doping on the thermoelectric properties

of Sr1�xYxTiO3�d- (x¼ 0.05, 0.075, 0.1) ceramics are sys-

tematically investigated from (15–800) K, respectively. The

doped samples indicate degenerate semiconducting behavior,

simultaneously exhibiting high thermopower (a��200

lV/K) and moderate electrical conductivity (r� 250 S/cm)

in the Sr0.9Y0.1TiO3�d ceramic, which gives rise to a

high thermoelectric power factor defined herein as

(a2rT)� 0.84 W/m-K at T� 760 K. The lattice thermal con-

ductivities are suppressed with increased Y-doping due to

strain field scattering effect owing to the smaller ionic radii

of Y with respect to Sr ions. A comparatively low

jT� 2.7 W/m-K at 760 K in the Sr0.9Y0.1TiO3�d yields the

largest ZT� 0.3 at 760 K reported to date in the Y-doped

SrTiO3 ceramics. A modified Callaway’s equation is used to

model the temperature dependence of the lattice thermal

conductivity from 10–600 K, which confirms the effect of

strain field scattering in reducing the lattice thermal
FIG. 7. (a) Mean velocity of sound, and (b) Phonon mean free path vs. tem-

perature of Sr1�xYxTiO3 (x¼ 0.0, 0.1).
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conductivity in the series. The correlation between the coef-

ficients of the point defect scattering parameter A (estimated

from mass fluctuation and strain field scattering) obtained

with experimental fits and theoretical model shows a system-

atic relationship between ceramic composition and the lattice

thermal conductivity. Additionally, an anomaly in the elastic

moduli and the mean velocity of sound are observed in the

Sr0.9Y0.1TiO3�d in contrast to SrTiO3�d, further indicating

increased phonon scattering due to Y-doping.

ACKNOWLEDGMENTS

The current research was supported by KAUST-

Clemson Faculty Initiated collaboration grant. One of the

authors (S.B.) would like to acknowledge valuable discus-

sions with Professor Joseph Poon and Alex Patterson

(Department of Physics, University of Virginia) on thermal

conductivity modeling, and the assistance of Jared Williams

(Department of Physics, Clemson University) for the prepa-

ration of 1-mil differential thermocouples used for low tem-

perature thermal conductivity measurements. The author

(S.B.) would also like to acknowledge helpful discussions

with Professors Catalina Marinescu, Jian He, and Dr. Pooja

Puneet (Department of Physics, Clemson University).

1P. A. Fleury, J. F. Scott, and J. M. Worlock, Phys. Rev. Lett. 21, 16

(1968).
2J. H. Haeni, J. P. Irvin, W. Chang, R. Uecker, P. Reiche, Y. L. Li, S.

Choudhury, W. Tian, M. E. Hawley, B. Craig, A. K. Tagantsev, X. Q. Pan,

S. K. Streiffer, L. Q. Chen, S. W. Kirchoefer, J. Levy, and D. G. Schlom,

Nature 430, 758 (2004).
3R. E. Cohen, Nature 358, 136 (1992).
4H. W. Jang, A. Kumar, S. Denev, M. D. Biegalski, P. Maksymovych, C.

W. Bark, C. T. Nelson, C. M. Folkman, S. H. Baek, N. Balke, C. M.

Brooks, D. A. Tenne, D. G. Schlom, L. Q. Chen, X. Q. Pan, S. V. Kalinin,

V. Gopalan, and C. B. Eom, Phys. Rev. Lett. 104, 197601 (2010).
5J. F. Schooley, W. R. Hosler, and M. L. Cohen, Phys. Rev. Lett. 12, 474

(1964).
6P. Moetakef, J. R. Williams, D. G. Ouellette, A. P. Kajdos, D. Goldhaber-

Gordon, S. J. Allen, and S. Stemmer, Phys. Rev. X 2, 021014 (2012).
7D. E. Grupp and A. M. Goldman, Science 276, 392 (1997).
8R. Konta, T. Ishii, H. Kato et al., J. Phys. Chem. B 108, 8992 (2004).
9T. K. Townsend, N. D. Browning, and F. E. Osterloh, ACS Nano 6,

7420–7426 (2012).
10K. Koumoto, Y. Wang, R. Zhang, A. Kosuga, and R. Funahashi, Annu.

Rev. Mater. Res. 40, 363–394 (2010).
11L. F. Mattheiss, Phys Rev. B 6, 4718 (1972).
12A. Migliori, J. L. Sarrao, W. M. Visscher, T. M. Bell, M. Lei, Z. Fisk, and

R. G. Leisure, Physica B 183, 1–24 (1993).
13K. Uchida and S. Tsuneyuki, Phys. Rev. B 68, 174107 (2003).
14I. Terasaki, Y. Sasago, and K. Uchinokura, Phys. Rev. B 56, R12685

(1997).
15H. W. Gandy, Phys. Rev. 113, 795 (1959).
16M. Capizzi and A. Frova, Phys. Rev. Lett. 25, 1298 (1970).
17K. van Benthem, C. Elsasser, and R. H. French, J. Appl. Phys. 90, 6156

(2001).
18W. Luo, W. Duan, S. G. Louie, and M. L. Cohen, Phys Rev. B 70, 214109

(2004).
19P. G. Klemens, Physica B 263–264, 102–104 (1999).
20A. Mehdizadeh Dehkordi, S. Bhattacharya, T. Darroudi, J. W. Graff, U.

Schwingenschl€ogl, H. N. Alshareef, and T. M. Tritt, Chem. Mater. 26,

2478 (2014).
21J. Robertson and S. J. Clark, Phys. Rev. B 83, 075205 (2011).
22H. Muta, K. Kurosaki, and S. Yamanaka, J. Alloy Compd. 392, 306

(2005).
23X. Li, H. Zhao, W. Shen, F. Gao, X. Huang, Y. Li, and Z. Zhu, J. Power

Sources 166, 47 (2007).

24Y. Li, Y. N. Kim, J. Cheng, J. A. Alonso, Z. Hu, Y. Chin, T. Takami, M.

T. Fernandez-Diaz, H. Lin, C. Chen, L. H. Tjeng, A. Manthiram, and J. B.

Goodenough, Chem. Mater. 23, 5037 (2011).
25M. Ito and N. Ohira, Mater. Trans. 49, 1844 (2008).
26S. Hui and A. Petric, J. Electrochem. Soc. 149, J1–J10 (2002).
27H. Obara, A. Yamamoto, C. Lee, K. Kobayashi, A. Matsumoto, and R.

Funahashi, Jpn. J. Appl. Phys., Part 2 43, L540 (2004).
28R. D. Shannon, Acta Cryst. A 32, 751 (1976).
29S. Bhattacharya, A. Mehdizadeh Dehkordi, H. N. Alshareef, and T. M.

Tritt, “Synthesis-property relationship in thermoelectric Sr1-xYbxTiO3

ceramics” (to be published).
30A. L. Pope, R. T. Littleton, and T. M. Tritt, Rev. Sci. Instrum. 72, 3129

(2001).
31A. L. Pope, B. Zawilski, and T. M. Tritt, Cryogenics 41, 725 (2001).
32A. Migliori and J. L. Sarrao, Resonant Ultrasound Spectroscopy (Wiley,

New York, 1997).
33G. Li and J. R. Gladden, High Temperature Resonant Ultrasound

Spectroscopy: A Review, Int. J. of Spectroscopy (2010), p. 206362.
34S. Ohta, T. Nomura, H. Ohta, and K. Koumoto, J. Appl. Phys. 97, 034106

(2005).
35H. Ohta, K. Sugiura, and K. Koumoto, Inorg. Chem. 47, 8429–8436 (2008).
36Y. I. Ravich, B. A. Efimova, and I. A. Smirnov, Semiconducting Lead

Chalcogenides, edited by L. S. Stil’bans (Plenum Press, 1970), p 155.
37M. Ahrens, R. Merkle, B. Rahmati, and J. Maier, Physica B 393, 239–248

(2007).
38A. Mehdizadeh Dehkordi, S. Bhattacharya, C. Kucera, J. Ballato, R.

Adebisi, J. P. Gladden, H. N. Alshareef, and T. M. Tritt, “Manipulating

thermal conduction in bulk polycrystalline SrTiO3-delta via non-stoichi-

ometry tuning” (to be published).
39H. Muta, K. Kurosaki, and S. Yamanaka, J. Alloy Compd. 350, 292–295

(2003).
40S. Ohta, H. Ohta, and K. Koumoto, J. Ceram. Soc. Jpn. 114, 102–105

(2006).
41D. G. Cahill, S. K. Watson, and R. O. Pohl, Phys. Rev. B 46, 6131

(1992).
42V. Murashov and M. A. White, in Thermal Conductivity, Theory, Properties

and Applications, edited by T. M. Tritt (Kluwer Academic, 2003).
43Y. Wang, K. Pufinami, R. Zhang, C. Wan, N. Wang, Y. Ba, and K.

Koumoto, Appl. Phys. Express 3, 031101 (2010).
44T. M. Tritt, Annu. Rev. Mater. Res. 41, 433–448 (2011).
45J. Callaway, Phys. Rev. 113, 1046 (1959).
46J. Callaway, Phys. Rev. 122, 787 (1961).
47A. Matthiessen, Rep. Brit. Assoc. 32, 144–150 (1862).
48J. Callaway and H. C. von Baeyer, Phys. Rev. 120, 1149 (1960).
49H. B. G. Casimir, Physica V 6, 495–500 (1938).
50P. G. Klemens, Proc. Phys. Soc. London A 68, 1113–1128 (1955).
51P. G. Klemens, Phys. Rev. 119, 507–509 (1960).
52B. Abeles, Phys. Rev. 131, 1906–1911 (1963).
53G. S. Nolas, J. L. Cohn, and G. A. Slack, Phys. Rev. B 58, 164 (1998).
54C. B. Vining, J. Appl. Phys. 69, 331 (1991).
55“Size and surface effects,” in Electrons and Phonons, by J. M. Ziman

(Oxford at the Clarendon Press, 1960), p. 465.
56D. T. Morelli, J. P. Heremans, and G. A. Slack, Phys. Rev. B 66, 195304

(2002).
57J. Yang, “Theory of thermal conductivity,” in Thermal Conductivity,

Theory, Properties and Applications, edited by T. M. Tritt (Kluwer

Academic, 2003).
58G. A. Slack and S. Galginaitis, Phys. Rev. 133, A253–A268 (1964).
59G. Leibfried and E. Schl€omann, Nachr. Akad. Wiss. Gottingen II a(4), 71

(1954).
60Y. Wang, X. Xu, and J. Yang, Phys. Rev. Lett. 102, 175508 (2009).
61C. J. Glassbrenner and G. A. Slack, Phys. Rev. A 134, 1058 (1964).
62B. L€uthi and T. J. Moran, Phys. Rev. B 2, 1211 (1970).
63D. G. Cahill and R. O. Pohl, Ann. Rev. Phys. Chem. 39, 93–121 (1988).
64M. G. Holland, Phys. Rev. 132, 2461 (1963).
65R. Berman, F. E. Simon, and J. M. Ziman, Proc. R. Soc. London A 220,

171 (1953).
66A. G. Beattie and G. A. Samara, J. Appl. Phys. 42, 2376 (1971).
67P. Carruthers, Phys. Rev. B 114, 995 (1959).
68Y. P. Varshni, Phys. Rev. B 2(10), 3952 (1970).
69C. Kittel, Introduction to Solid state Physics, 7th ed. (Wiley & Sons, Inc,

1996), p. 88.
70O. L. Anderson, J. Phys. Chem. Solids 24, 909 (1963).
71S. K. Kor and N. D. Tripathi, J. Phys. Sos. Jpn. 38, 1073 (1975).

223712-9 Bhattacharya et al. J. Appl. Phys. 115, 223712 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

109.171.137.210 On: Mon, 04 May 2015 11:38:33

http://dx.doi.org/10.1103/PhysRevLett.21.16
http://dx.doi.org/10.1038/nature02773
http://dx.doi.org/10.1038/358136a0
http://dx.doi.org/10.1103/PhysRevLett.104.197601
http://dx.doi.org/10.1103/PhysRevLett.12.474
http://dx.doi.org/10.1103/PhysRevX.2.021014
http://dx.doi.org/10.1126/science.276.5311.392
http://dx.doi.org/10.1021/jp049556p
http://dx.doi.org/10.1021/nn302647u
http://dx.doi.org/10.1146/annurev-matsci-070909-104521
http://dx.doi.org/10.1146/annurev-matsci-070909-104521
http://dx.doi.org/10.1103/PhysRevB.6.4718
http://dx.doi.org/10.1016/0921-4526(93)90048-B
http://dx.doi.org/10.1103/PhysRevB.68.174107
http://dx.doi.org/10.1103/PhysRevB.56.R12685
http://dx.doi.org/10.1103/PhysRev.113.795
http://dx.doi.org/10.1103/PhysRevLett.25.1298
http://dx.doi.org/10.1063/1.1415766
http://dx.doi.org/10.1103/PhysRevB.70.214109
http://dx.doi.org/10.1016/S0921-4526(98)01202-2
http://dx.doi.org/10.1021/cm4040853
http://dx.doi.org/10.1103/PhysRevB.83.075205
http://dx.doi.org/10.1016/j.jallcom.2004.09.005
http://dx.doi.org/10.1016/j.jpowsour.2007.01.008
http://dx.doi.org/10.1016/j.jpowsour.2007.01.008
http://dx.doi.org/10.1021/cm202542q
http://dx.doi.org/10.2320/matertrans.MRA2007322
http://dx.doi.org/10.1149/1.1420706
http://dx.doi.org/10.1143/JJAP.43.L540
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1063/1.1380390
http://dx.doi.org/10.1016/S0011-2275(01)00140-0
http://dx.doi.org/10.1063/1.1847723
http://dx.doi.org/10.1021/ic800644x
http://dx.doi.org/10.1016/j.physb.2007.01.008
http://dx.doi.org/10.1016/S0925-8388(02)00972-6
http://dx.doi.org/10.2109/jcersj.114.102
http://dx.doi.org/10.1103/PhysRevB.46.6131
http://dx.doi.org/10.1143/APEX.3.031101
http://dx.doi.org/10.1146/annurev-matsci-062910-100453
http://dx.doi.org/10.1103/PhysRev.113.1046
http://dx.doi.org/10.1103/PhysRev.122.787
http://dx.doi.org/10.1103/PhysRev.120.1149
http://dx.doi.org/10.1088/0370-1298/68/12/303
http://dx.doi.org/10.1103/PhysRev.119.507
http://dx.doi.org/10.1103/PhysRev.131.1906
http://dx.doi.org/10.1103/PhysRevB.58.164
http://dx.doi.org/10.1063/1.347717
http://dx.doi.org/10.1103/PhysRevB.66.195304
http://dx.doi.org/10.1103/PhysRev.133.A253
http://dx.doi.org/10.1103/PhysRevLett.102.175508
http://dx.doi.org/10.1103/PhysRev.134.A1058
http://dx.doi.org/10.1103/PhysRevB.2.1211
http://dx.doi.org/10.1146/annurev.pc.39.100188.000521
http://dx.doi.org/10.1103/PhysRev.132.2461
http://dx.doi.org/10.1098/rspa.1953.0180
http://dx.doi.org/10.1063/1.1660551
http://dx.doi.org/10.1103/PhysRev.114.995
http://dx.doi.org/10.1103/PhysRevB.2.3952
http://dx.doi.org/10.1016/0022-3697(63)90067-2
http://dx.doi.org/10.1143/JPSJ.38.1073

