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ABSTRACT:	Doped	SrTiO3	and	other	perovskite	structured	titanates	are	attracting	interest	as	n-type	thermoelectric	materials	
due	to	 their	relatively	high	 thermoelectric	power	 factor,	 low	toxicity	and	modest	cost.	Taking	SrTiO3	as	an	exemplar,	 the	
effects	of	octahedral	tilting	on	the	electronic	band	structure	and	thermoelectric	power	factor	of	titanate	perovskites	have	
been	studied	from	first-principles	calculations.	By	utilizing	Glazer’s	notation,	six	representative	tilt	systems,	including	three	
out-of-phase	(a0a0c-,	a0b-b-,	and	a-a-a-)	and	three	in-phase	tilt	systems	(a0a0c+,	a0b+b+,	and	a+a+a+),	were	investigated.	It	is	found	
that	out-of-phase	tilting	improves	the	optimum	power	factor	as	compared	to	the	cubic	aristotype,	while	in-phase	tilting	mar-
ginally	lowers	the	optimum	power	factor.	The	largest	increase	in	power	factor	(~100%)	is	obtained	in	the	one-tilt	system	
a0a0c-	at	a	tilt	angle	of	15°,	which	can	be	achieved	with	an	energy	cost	of	only	44	kJ	mol-1	per	formula	unit.	These	findings	agree	
with	the	experimental	evidence	that	increased	power	factors	are	found	in	a0a0c-	and	a-a-a-	tilt	systems	of	titanate	perovskites.	
The	predicted	increase	of	Seebeck	coefficient	as	a	function	of	tilt	angle	in	the	a-a-a-	tilt	system	of	SrTiO3	is	also	consistent	with	
experimental	increase	of	Seebeck	coefficient	in	a-a-a-	titanates	of	La0.55K0.45TiO3	and	La0.5Na0.5Ti0.9Nb0.1O3.	Our	simulations	pro-
vide	valuable	insights	into	tuning	the	thermoelectric	power	factor	of	titanate	perovskite	by	controlling	octahedral	tilting.

1.	INTRODUCTION	
Thermoelectric	 materials	 enable	 the	 transformation	 of	
waste	heat	into	usable	electricity	and	are	thus	proposed	as	
important	 contributors	 to	 the	 global	 energy	management	
and	environment	protection.1,2	Expanding	the	application	of	
thermoelectric	technology	into	the	industrial	setting,	for	ex-
ample,	sets	strict	requirements	for	both	thermal	and	chem-
ical	stability	that	are	not	satisfied	by	the	chalcogenide	ma-
terials,	such	as	Bi2Te3	alloys	that	are	the	current	reference	
thermoelectrics.3	 In	 this	 context,	 oxide	 materials	 with	
higher	chemical	stability	are	attracting	ever-increasing	at-
tention	in	thermoelectric	applications.4,5	The	efficiency	of	a	
thermoelectric	 material	 can	 be	 quantified	 by	 the	 dimen-
sionless	figure	of	merit	ZT	=	S2sT/k,	where	S,	s,	k,	and	T	rep-
resent	Seebeck	coefficient,	electrical	conductivity,	 thermal	
conductivity,	and	absolute	temperature,	respectively.	S2s	is	
further	defined	as	thermoelectric	power	factor.	Strontium	
titanate	(SrTiO3,	STO)	is	a	paradigmatic	example	of	thermo-
electric	 titanate	perovskites,	 and	provides	a	parent	 struc-
ture	which	upon	n-type	doping	can	produce	a	high	power	
factor	such	as	28-36	µW	cm-1	K-2	at	room	temperature	in	Sr1-
xLaxTiO3	(0.015	≤	x	≤	0.1),6	which	is	comparable	to	the	com-
mercial	 thermoelectric	 material	 Bi2Te3	 alloys.3	 The	 ZT	 of	
STO	fails	to	reach	unity,	however,	owing	to	the	high	thermal	
conductivity	(~12	W	m-1	K-1	at	300	K).6,7	Significant	 focus	
has	therefore	been	placed	on	reducing	the	thermal	conduc-
tivity	of	STO	through	intrinsic	approaches	such	as	introduc-
ing	 cation	 and/or	 oxide	 vacancies,8,9	 nanostructuring	 ap-
proaches	through	reduced	particle	size,10,11	engineering	of	
the	 grain	 boundaries,12	 and	 incorporation	 of	 nanoinclu-
sions.13-15	The	realization	of	phonon-glass	electron-crystal	

(PGEC)	 behavior	 in	 titanate	 perovskite	 systems,	 such	 as	
La0.5Na0.5Ti1-xNbxO3,	 La1-yKyTiO3	 and	 La0.5K0.5Ti1-xNbxO3,	
achieves	thermal	conductivities	as	low	as	~2.30	W	m-1	K-1	at	
room	 temperature,	 which	 are	 75%-80%	 lower	 than	
STO.16,17	Following	this	incorporation	of	A	site	disorder,	the	
power	factor	does	not	remain	as	high	as	STO;	for	example,	
the	power	factor	of	La0.5K0.5Ti0.95Nb0.05O3	(~5	µW	cm-1	K-2)	is	
about	one	sixth	that	of	La	doped	STO.6,17	Therefore,	despite	
substantial	efforts	and	success	in	reducing	the	thermal	con-
ductivity,	 questions	 remain	 on	 how	 to	 best	 optimize	 the	
thermoelectric	power	factor	of	titanate	perovskites.	
With	a	stoichiometry	of	ABO3,	ideal	perovskite	oxides	can	

be	viewed	as	being	formed	of	a	cubic	corner	sharing	BO6	oc-
tahedral	network,	in	which	A	sits	the	interstitial	site	in	the	
center	of	eight	BO6	octahedra	(Figure	1a).	Variation	in	the	
size	of	either	the	A	site	or	B	site	cations	induce	a	range	of	
structural	distortions	away	from	the	highest	symmetry	cu-
bic	aristotype,	rationalized	through	the	Goldschmidt’s	toler-
ance	factor,	t	=	(rA	+	rO)/[√2(rB	+	rO)].18	Values	of	t	<	1	result	
in	octahedral	 tilting	 in	 the	oxide	 lattice.	STO	adopts	cubic	
Pm3#m	 symmetry	 at	 room	 temperature.	 However,	 many	
other	doped	titanate	perovskite	phases	adopt	a	tilt	system	
at	 room	 temperature.	 La0.55K0.45TiO3	 and	
La0.5Na0.5Ti0.9Nb0.1O3	 are	 rhombohedral.17	 Rare-earth	 sub-
stituted	STO	undergo	cubic	to	tetragonal	change	due	to	the	
decrease	 in	 ionic	 radii	 from	 La3+	 to	 Y3+	 in	 Sr0.9R0.1TiO3±d,	
which	exhibit	high	ZT	values	of	~0.42	at	1200	K.19	All	but	
one	material	 (Sr0.9La0.1TiO3±d)	 adopt	 tetragonal	 symmetry	
(I4/mcm)	as	a	result	of	TiO6	octahedral	tilting.	Similar	per-
formance	is	achieved	in	the	tetragonal	system	of	Sr1-3x/2Lax-
TiO3-d	(with	x	=	0.15)	which	exhibits	an	optimum	ZT	of	0.41	
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at	973	K	and	adopts	a0a0c-	 symmetry.20	 In	contrast,	B	site	
substituted	 titanate	 perovskite	 materials	 (e.g.	 incorpora-
tion	of	Nb5+)	typically	retain	the	cubic	Pm3#m	symmetry	of	
undoped	STO	due	to	 the	 larger	 ionic	radius	of	 the	dopant	
cation,	and	exhibit	ZT	values	of	0.2-0.4	at	1000	K.21,22	Fur-
thermore,	it	seen	from	these	experiments	that	the	increased	
power	factor	in	these	titanate	perovskites	might	be	corre-
lated	with	octahedral	tilting.	For	example,	the	power	factors	
increase	with	tilt	angle	in	a-a-a-	tilt	systems	of	La0.55K0.45TiO3	
(2.09	 µW	 cm-1	 K-2	 at	 373	 K,	 tilt	 angle	 2.18°)	 and	
La0.5Na0.5Ti0.9Nb0.1O3	(4.25	µW	cm-1	K-2	at	373	K,	with	tilt	an-
gle	7.45°).16,17	The	power	factor	is	found	to	be	dependent	on	
cell	volume	and	ionic	radii	of	rare	elements	in	the	rare-earth	
substituted	 STO	 (Sr0.9R0.1TiO3±d)	 with	 tetragonal	 cells,19	
which	might	also	be	related	to	the	effects	of	octahedral	ti-
tling.	

	

Figure	1.	The	crystal	structure	and	octahedral	tilting	of	perov-
skite	oxide	ABO3.	(a)	Crystal	structure	of	the	cubic	perovskite	
ABO3.	 (b)	Schematic	model	of	 the	bonding	between	Ti	3d-t2g	
and	O	2p	frontier	orbitals.	(c)	The	top	view	of	out-of-phase	oc-
tahedral	tilting	around	z	axis.	(d)	The	top	view	of	in-phase	oc-
tahedral	tilting	around	z	axis.	

As	 shown	 in	Figure	1b,	 the	 frontier	orbitals	of	 STO	are	
formed	of	Ti	3d-t2g	and	O	2p	orbitals.	Therefore,	electronic	
transport	is	mediated	within	the	octahedral	network	by	the	
interaction	between	these	orbitals.23,24	Octahedral	tilting	in	
perovskites	significantly	affects	the	overlap	between	these	
atomic	orbitals	and	hence	electron	coupling	between	lattice	
points,	and	in	principle,	offers	the	freedom	to	tune	the	elec-
tron	energy	contribution	at	a	level	of	materials	design	as	a	
result	of	the	flexibility	of	the	perovskite	structure.		However,	
such	 band	 engineering	 via	 octahedral	 tilting	 to	 tune	 the	
thermoelectric	power	factor	in	titanate	perovskites	has	not	
been	clearly	 revealed.	The	difficulty	partly	 resides	 in	 that	
the	effect	of	octahedral	tilting	and	doping	are	entangled	in	
real	materials	and	their	separate	contributions	to	enhanc-
ing	the	power	factor	are	difficult	to	isolate.	Computational	
studies	 allow	us	 to	 achieve	 this	 separation	 by	 calculating	
how	the	power	 factor	varies	 in	phases	with	known	tilting	

but	with	the	same	chemical	composition,	which	is	what	we	
set	out	to	achieve	in	the	current	study.	With	the	notable	ex-
ception	of	Pb2+,	the	contribution	of	orbitals	from	A-site	cat-
ions	to	the	edges	of	valence	and	conduction	bands	in	titan-
ate	perovskites	is	negligible,23	hence	the	study	of	octahedral	
tilting	in	STO	is	representative	of	changes	induced	by	dop-
ing.	
The	standard	way	to	describe	octahedral	tilting	in	perov-

skites	is	through	Glazer’s	notation,	in	which	three	letters	(a,	
b,	c)	are	used	to	describe	the	relative	tilt	angles	around	the	
x,	y,	and	z	axes,	and	three	superscripts	(+,	-,	0)	are	used	to	
indicate	the	relative	rotation	direction	between	adjacent	oc-
tahedral	 layers.25	 The	 superscript	 “+”	 (“-”)	 stands	 for	 in-
phase	(out-of-phase)	octahedral	tilting,	meaning	that	adja-
cent	octahedral	layers	rotate	in	the	same	(opposite)	direc-
tion	as	illustrated	in	Figure	1c	and	1d,	while	“0”	means	no	
rotation.	 For	 example,	 the	 tilt	 system	a0b-b-	 has	 the	 same	
out-of-phase	tilt	angle	around	the	y	and	z	axes	but	no	tilting	
around	the	x	axis.	Here,	we	investigate	from	first-principles	
calculations	 the	 variation	 of	 electronic	 conductivity	 and	
Seebeck	coefficients	as	a	function	of	tilt	system	and	extent	
of	tilt	angle	in	the	titanate	perovskite	lattice	using	STO	as	an	
exemplar.	This	approach	considers	the	electronic	transport	
properties	 that	 are	 intrinsic	 to	 the	 material	 though	 it	 is	
acknowledged	that	extrinsic	effects	such	as	grain	boundary	
resistance	 that	 are	 controlled	 by	 ceramic	 processing,	 can	
significantly	affect	material	performance.	The	effects	of	oc-
tahedral	tilting	on	band	structure	and	thermoelectric	power	
factor	of	six	representative	tilt	systems,	including	three	out-
of-phase	 (a0a0c-,	 a0b-b-,	 a-a-a-)	 which	 typically	 describe	
I4/mcm,	 Imma,	 and	R3#c	 space	group	 symmetries,	 respec-
tively,	and	three	in-phase	tilt	systems	(a0a0c+,	a0b+b+,	a+a+a+),	
which	 describe	 P4/mbm,	 I4/mmm	 and	 Im3# 	symmetries,	
have	been	calculated	by	combining	density	functional	the-
ory	 (DFT)	 calculations	 and	 the	 semi-empirical	Boltzmann	
transport	formalism.	
	
2.	METHODS	
DFT	calculations	were	performed	by	utilizing	CRYSTAL17	
with	the	B1WC	hybrid	functional,	which	includes	16%	Har-
tree-Fock	exchange	combined	with	the	Wu-Cohen	GGA	ex-
change	 functional	 and	 Perdew-Wang	 correlation	 func-
tional.26,27	The	B1WC	hybrid	functional	was	chosen	because	
it	has	been	verified	to	deliver	a	good	description	of	both	the	
lattice	constants	and	band	gap	of	STO.28,29	The	electron	basis	
sets	 were	 chosen	 from	 the	 CRYSTAL	 online	 database	
(Sr_HAYWSC311(1d)G_piskunov_2004	 for	 Sr,	
Ti_86411(1d)G_baranek_2013_BaTiO3	 for	 Ti,	 and	
O_8411(1d)G_baranek_2013_BaTiO3	for	O).30	An	8	×	8	×	8	
Monkhorst-Pack	k	grid	was	used	in	the	optimization	of	the	
unit	cell	of	STO	with	energy	and	force	convergence	criteria	
being	10-7	Hartree	and	4.5	×	10-4	Hartree/Bohr,	respectively.	
The	obtained	cell	parameter	(a	=	3.884	Å)	and	band	gap	(Eg	
=	3.59	eV)	show	good	agreement	with	experimental	results	
(a	=	3.905	Å,	Eg	=	3.25	eV)31,32	and	previous	computational	
results	(a	=	3.880	Å,	Eg	=	3.57	eV).28	The	obtained	Ti-O	bond	
length	is	1.942	Å	(=	a/2).	The	band	structure	and	density	of	
states	(DOS)	of	STO	calculated	with	unit	cell	is	shown	in	Fig-
ure	S1.	The	obtained	band	width	of	the	flat	band	in	the	G-X	
direction	is	0.17	eV,	compared	to	0.25	eV	in	literature.33	
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We	 adopted	Woodward’s	method34	 to	 build	 the	 aristo-
type	 (a0a0a0)	and	six	hettotype	 (a0a0c-,	 a0b-b-,	 a-a-a-,	 a0a0c+,	
a0b+b+,	a+a+a+)	STO	structures	based	on	the	optimized	unit	
cell,	which	is	untilted.	Structures	corresponding	to	rotation	
of	rigid	TiO6	octahedra	have	been	generated	using	the	code	
POTATO35	that	produces	as	output	a	2	×	2	×	2	supercell	ex-
pansion	 in	 P1# 		 symmetry	 of	 the	 tilted	 systems,	which	we	
have	 used	 without	 further	 modifications.	 The	 tilt	 angles	
were	kept	identical	in	different	directions	for	simplicity	and	
five	tilt	angles	(3°,	6°,	9°,	12°,	and	15°)	were	calculated.	The	
structure	and	cell	parameters	for	different	tilt	systems	with	
tilt	angle	of	9°	are	shown	and	compared	with	the	a0a0a0	sys-
tem	 (Table	 S1,	 Figure	 S2-S8).	 The	 a-a-a-	 system	 adopts	 a	
rhombohedral	cell,	there	is	an	angle	which	derivates	from	
90°	in	a0b-b-,	and	all	other	calculated	tilt	systems	adopt	or-
thorhombic	 cells.	 Self-consistent	 field	 calculations	 were	
performed	 for	each	 tilt	 system	with	 fixed	cell	parameters	
and	 atomic	 positions.	 The	 energy	 convergence	 was	
achieved	to	10-7	Hartree	on	an	8	×	8	×	8	Monkhorst-Pack	k	
grid.	As	the	aristotype	and	hettotype	systems	are	all	based	
on	the	2	×	2	×	2	supercell	of	STO,	the	original	band	structure	
of	unit	cell	folds	in	the	smaller	first	Brillouin	zones.	For	ex-
ample,	the	original	flat	band	in	the	G-X	direction	of	the	unit	
cell	becomes	two	flat	bands	along	the	G-X	direction	of	the	
aristotype	a0a0a0	system	(Figure	2a,	Figure	S1).	
The	 Boltzmann	 transport	 equations	 as	 implemented	 in	

the	code	BoltzTraP2	were	utilized	to	calculate	the	electrical	
conductivity	s	and	Seebeck	coefficient	S:36,37	
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where	𝜀# ,	𝑣# ,	𝜏# ,	𝜀%,	𝑓+,	𝑒,	𝑉,	𝑇	are	the	electron	energy,	group	
velocity,	relaxation	time,	Fermi	energy,	Fermi-Dirac	distri-
bution	 function,	 elementary	 charge,	 unit	 cell	 volume,	 and	
absolute	temperature,	respectively.	The	carrier	concentra-
tion	was	calculated	as:	

𝑛 = 𝑁 − ∫ 𝑔(𝜀)𝑓!(𝜀)𝑑𝜀																																	(3)	
where	𝑁	is	the	total	number	of	electrons	in	the	unit	cell,	𝑔	is	
the	density	of	states.	A	fine	k	grid	of	31	×	31	×	31	was	used	
to	 obtain	 the	 electron	 energy	 based	 on	 the	 converged	
charge	 density.	 The	 electron	 energy	was	 further	 interpo-
lated	on	a	denser	k	 grid	 (×	10)	 in	BoltzTraP2	 to	 get	 con-
verged	values	of	thermoelectric	coefficients.	The	influence	
of	octahedral	tilting	on	the	relaxation	time	of	the	hypothet-
ical	tilted	STO	systems	was	omitted	and	a	constant	relaxa-
tion	time	was	adopted	for	all	tilt	systems	(4.3	fs	by	following	
a	previous	calculation	of	Bilc	et	al.).28	
	
3.	RESULTS	AND	DISCUSSION	
The	 electronic	 band	 structure	 and	 DOS	 of	 the	 aristotype	
a0a0a0	system	of	STO	is	shown	in	Figure	2a.	The	lowest	con-
duction	 bands	 exhibit	 the	 distinctive	 flat-and-dispersive	
band	 features	 in	 the	G-X	direction.	The	coexistence	of	 flat	
and	dispersive	bands	can	be	demonstrated	analytically	us-
ing	the	tight-binding	theory.23,38		

 
Figure	2.	Electronic	properties	of	aristotype	a0a0a0	 system	of	
STO.	 (a)	Electronic	band	structure	and	DOS	of	 the	aristotype	
a0a0a0	system	of	STO.	Inset:	the	first	Brillouin	zone	with	high	
symmetry	lines	and	points.	(b)	Crystal	orbital	of	the	conduction	
band	minimum	(CBM)	at	G.	(c)	Enlarged	diagram	showing	the	
bottom	of	the	conduction	bands	along	G-X,	with	the	energy	of	
CBM	set	to	zero.	The	red	shaded	area	shows	the	Fermi	energy	
range	when	the	electron	concentration	is	between	1	×	1020	cm-3	
and	1	×	1021	cm-3	at	300	K	in	the	rigid	band	approximation.	
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Figure	3.	Electronic	structure	of	six	hettotype	tilt	system	of	STO:	a0a0c-,	a0b-b-,	a-a-a-,	a0a0c+,	a0b+b+,	and	a+a+a+,	with	tilt	angle	of	9°.	(a)	
The	conduction	bands	of	the	six	examined	tilt	systems	of	STO.	The	red	shaded	area	is	the	Fermi	energy	range	when	the	electron	concen-
tration	is	between	1	×	1020	cm-3	and	1	×	1021	cm-3	at	300	K	in	the	rigid	band	approximation.	(b)	Crystal	orbitals	at	G of	the	lowest	conduction	
bands	in	a0a0c-	and	a0a0c+	tilt	systems	of	STO.	(c)	Density	of	states	of	six	hettotype	tilt	systems	of	STO	(a0a0c-	in	red,	a0b-b-	in	purple,	a-a-a-	in	
yellow,	a0a0c+	in	blue,	a0b+b+	in	green,	and	a+a+a+	in	cyan)	as	compared	to	the	aristotype	a0a0a0	system	of	STO	(in	black).	

The	high	symmetry	lines	G-X,	G-Y,	and	G-Z	in	the	recipro-
cal	space	coincides	with	x,	y	and	z	directions	in	real	space	
for	cubic	STO,	respectively.	Taking	Ti	3dyz	orbital	as	an	ex-
ample,	it	is	orthogonal	to	the	2p	orbitals	of	the	two	nearest	
neighbor	oxygen	atoms	along	x,	and	thus	forms	a	non-bond-
ing	flat	band	in	G-X	direction;	instead	it	couples	with	oxygen	
2p	orbitals	in	the	y	and	z	directions,	generating	dispersive	
bands	in	G-Y	and	G-Z	direction	(Figure	1b).Each	of	the	three	
Ti	3d-t2g	atomic	orbitals	yields	a	flat	band	in	one	reciprocal	
space	direction	and	two	dispersive	bands	in	the	other	two	
directions.	 Conversely,	 in	 each	 reciprocal	 space	 direction	
there	are	one	flat	and	two	dispersive	bands.	For	symmetry	
reasons,	the	oxygen	2p	orbitals	show	no	contribution	to	the	
lowest	 conduction	 bands	 due	 to	 the	 presence	 of	 bonding	
and	 anti-bonding	 couplings	 between	 Ti	 3d	 and	O	 2p	 that	
cancel	 each	 other	 out.	 The	 electron	 state	 of	 CBM	 at	G	 is	
three-fold	degenerate	without	accounting	for	electron	spin,	
which	correspond	to	levels	formed	by	non-bonding	Ti	3d-t2g	
(dxy,	dyz,	dxz)	orbitals	(Figure	2b).	
As	STO	has	been	investigated	extensively,	we	firstly	per-

formed	benchmark	calculations	of	 the	electrical	 transport	
properties	of	the	cubic	a0a0a0	system.	The	effective	masses	
m*	 of	 the	 flat	 and	 dispersive	 conduction	 bands	were	 ob-
tained	by	fitting	parabola	near	the	CBM	through	the	formula:	

𝐸 = 𝐸,-. +
ℏ!#!

01∗ 																																(4)	

where	𝐸,	𝐸,-.,	and	ℏ	are	the	electron	energy,	electron	en-
ergy	at	CBM,	and	the	reduced	Planck	constant,	respectively.	
The	effective	masses	of	the	flat	and	dispersive	bands	are	cal-
culated	to	be	6.1	me	and	0.42	me	(me	is	the	electron	mass),	
respectively,	 which	 agree	 well	 with	 previous	 calculation	

(6.1	me	and	0.4	me).28	The	effective	mass	for	heavy	electrons	
is	 also	 in	 agreement	with	 values	obtained	 from	measure-
ments	 of	 the	 Seebeck	 coefficients	 (~6	me).6,7	 As	 has	 been	
pointed	out	by	Shirai	et	al.,33	the	heavy	and	light	electrons	
are	responsible	 for	high	Seebeck	coefficient	and	electrical	
conductivity	 in	STO,	respectively.	Thus,	 the	coexistence	of	
flat	and	dispersive	bands	provides	the	best	compromise	be-
tween	Seebeck	coefficient	and	electrical	 conductivity.	The	
Seebeck	coefficient,	electrical	conductivity,	and	power	fac-
tor	of	aristotype	a0a0a0	STO	were	calculated	by	using	Boltz-
mann	transport	theory	in	the	constant	relaxation	time	and	
rigid	 band	 approximation	 (Figure	 S9).	 The	 electrical	 con-
ductivity	and	absolute	value	of	Seebeck	coefficient	have	op-
posite	 trends	as	a	 function	of	carrier	concentration,	so	an	
optimum	power	factor	(PFopt)	is	obtained	at	a	specific	car-
rier	concentration.	The	n-type	PFopt	 is	calculated	to	be	9.8	
µW	cm-1	K-2	at	300	K	for	aristotype	a0a0a0	system	when	the	
carrier	concentration	is	4.3	×	1020	cm-3	(Figure	S9).	The	ob-
tained	PFopt	is	lower	than	experimental	values	of	28-36	µW	
cm-1	 K-2	 measured	 in	 Sr1-xLaxTiO3-d	 (x	 =	 0.015-0.1)	 single	
crystals	at	the	same	level	of	carrier	concentration	(2.3	×	1020	
cm-3	–	19.3	×	1020	cm-3).6	The	discrepancy	between	experi-
mental	and	theoretical	values	might	be	due	to	the	polaronic	
nature	of	electronic	carriers	in	STO	and	cannot	be	described	
well	 by	 the	 rigid	band	 approximation	 applied	here.	How-
ever,	our	results	are	consistent	with	previous	calculations	
(~10	µW	cm-1	K-2	at	300	K,	~14	µW	cm-1	K-2	at	400	K).28,39	
In	the	Boltzmann	transport	equation,	the	carrier	concen-

tration	depends	on	Fermi	energy	and	temperature	through	
the	Fermi-Dirac	distribution.	The	carrier	concentration	can	
be	 obtained	 by	 applying	 Eq.	 (3)	 in	 the	 rigid	 band	
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approximation.	Since	doped	STO	materials	are	n-type	semi-
conductors,	we	modified	the	Fermi	energy	around	the	con-
duction	band	edge	 to	 simulate	 electron	doping.	 Figure	2c	
shows	 that	 the	Fermi	energy	 is	within	~0.2	eV	above	 the	
CBM	when	the	carrier	concentration	is	between	1.0	×	1020	
cm-3	and	1.0	×	1021	cm-3	at	300	K.	Thus,	this	concentration	
of	carriers	is	accommodated	within	the	total	band	width	of	
the	two	flat	bands	at	the	bottom	of	the	conduction	bands	at	
room	temperature.	Experimentally,	strategies	such	as	La3+	
doping	on	Sr2+	site	is	utilized	to	increase	carrier	concentra-
tion	in	STO.	For	example,	La	doping	in	Sr1-xLaxTiO3	(0.015	≤	
x	≤	0.1)	induces	carrier	concentration	of	(0.2-2)	×	1021	cm-

3.6	It	can	therefore	be	concluded	that	electrical	transport	co-
efficients	are	mainly	determined	by	band	edge	states	within	
the	total	band	width	of	the	two	flat	bands	at	room	tempera-
ture.	For	this	reason,	we	shall	highlight	the	bottom	of	con-
duction	bands	only	 following	 the	 rotational	distortions	of	
the	perovskite	phases.	
Figure	3a	shows	the	lowest	conduction	bands	for	the	six	

hettotype	STO	systems	 in	 the	energy	range	up	 to	0.55	eV	
above	the	CBM	(set	as	zero	of	the	energy).	Since	the	G-Y	di-
rection	is	equivalent	to	G-X	or	G-Z	in	all	considered	tilt	sys-
tems,	the	conduction	bands	are	shown	along	G-X	and	G-Z	di-
rections	only	for	simplicity.	Octahedral	tilting	induces	ani-
sotropic	 band	 dispersion	 and	 band	 splitting	 near	 CBM	 in	
both	of	the	out-of-phase	and	in-phase	tilt	systems.	It	is	in-
teresting	 to	note	 that	 the	 total	band	width	of	 the	 two	 flat	
bands	decreases	in	all	three	out-of-phase	tilt	systems	but	in-
creases	in	all	three	in-phase	tilt	system.	In	order	to	analyze	
this	difference,	 the	crystal	orbitals	at	G	of	 the	 lowest	con-
duction	bands	in	the	a0a0c-	and	a0a0c+	systems	are	shown	in	
Figure	 3b.	 It	 is	 indicated	 that	 the	 out-of-phase	 tilting	 in-
duces	larger	anti-bonding	between	Ti	3d	t2g	and	O	2p	orbit-
als	than	in-phase	tilting,	which	results	in	higher	orbital	lo-
calization	 and	 narrower	 band	 width.	 Figure	 3a	 further	
shows	that	the	Fermi	energy	is	also	within	~0.2	eV	above	
CBM	when	the	carrier	concentration	is	between	1.0	×	1020	
cm-3	and	1.0	×	1021	cm-3	at	300	K	in	the	six	hettotype	tilt	sys-
tems.	The	DOS	of	the	aristotype	a0a0a0	and	six	hettotype	STO	
systems	in	the	energy	range	up	to	0.55	eV	above	CBM	are	
compared	in	Figure	3c.	At	~0.2	eV	above	CBM,	which	is	the	
Fermi	energy	for	a	carrier	concentration	of	~1.0	×	1021	cm-

3	at	300	K,	the	slope	of	DOS	shows	a	significant	dependence	
on	 the	 type	 of	 tilting.	 It	 is	 intriguing	 to	 observe	 that	 the	
slopes	of	DOS	increase	in	all	three	out-of-phase	tilt	systems,	
but	remain	almost	identical	to	a0a0a0	in	all	three	in-phase	tilt	
systems.	This	is	consistent	with	the	smaller	band	width	of	
the	flat	band	at	~0.2	eV	above	CBM	in	the	three	in-phase	tilt	
systems.	According	to	the	Mahan-Sofo	theory,	an	increase	in	
the	 slope	of	DOS	around	Fermi	 energy	 improves	 the	See-
beck	coefficient.40	Thus,	it	is	believed	that	out-of-phase	tilt	
systems	possess	higher	Seebeck	coefficients	than	in-phase	
tilt	systems	and	aristotype	system.	

 
Figure	4.	Variation	of	 thermoelectric	 charge	 transport	 coeffi-
cients	with	octahedral	tilting.	Dependence	of	the	absolute	value	
of	Seebeck	coefficient	 (a)	and	electrical	 conductivity	 (b)	as	a	
function	of	tilt	angle	for	six	hettotype	tilt	systems	in	z	direction	
when	electron	concentration	is	1×1021	cm-3	at	300	K.	(c)	Com-
parison	between	theoretical	and	experimental	dependence	of	
the	absolute	value	of	Seebeck	coefficient	as	a	function	of	tilt	an-
gle	for	the	a-a-a-	tilt	systems	at	373	K.	
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Figure	5.	Dependence	of	power	factor	as	a	function	of	tilt	angle	and	carrier	concentration	at	300	K	in	six	hettotype	tilt	systems,	
i.e.,	three	out-of-phase	tilt	systems:	a0a0c-,	a0b-b-,	and	a-a-a-,	and	three	in-phase	tilt	systems:	a0a0c+,	a0b+b+,	and	a+a+a+	along	z	
direction.	The	unit	of	power	factor	is	µW	cm-1	K-2.	
The	variation	of	the	absolute	value	of	Seebeck	coefficient	

and	electrical	conductivity	in	z	direction	(chosen	because	z	
is	the	common	direction	around	which	octahedral	tilting	ex-
ists	for	all	calculated	one-,	two-,	and	three-tilt	systems)	as	a	
function	of	tilt	angle	are	shown	in	Figure	4a	and	4b,	respec-
tively,	when	carrier	concentration	is	1.0	×	1021	cm-3	at	300	
K.	It	indicates	that	the	absolute	value	of	Seebeck	coefficient	
increases	as	a	function	of	tilt	angle	in	all	three	out-of-phase	
tilt	systems,	in	agreement	with	the	trends	predicted	by	the	
Mahan-Sofo	theory.40	However,	the	Seebeck	coefficient	de-
creases	with	increasing	tilt	angle	in	the	three	in-phase	tilt	
systems.	 The	 electrical	 conductivity	 has	 an	 opposite	 de-
pendence	on	tilt	angle	as	compared	to	Seebeck	coefficient	
for	 all	 tilt	 systems.	 The	 Seebeck	 coefficient	 and	 electrical	
conductivities	 have	 been	 measured	 experimentally	 for	
three	different	titanate	perovskite	single	crystals	with	a-a-a-	
tilting,	 i.e.,	 La0.5K0.5Ti0.9Nb0.1O3	 with	 no	 tilt	 angle,	
La0.55K0.45TiO3	with	2.81°	tilt	angle,	and	La0.5Na0.5Ti0.9Nb0.1O3	
with	7.45°	tilt	angle,	which	are	reproduced	in	Table	S2.16,17	
As	shown	 in	Figure	4c,	 the	dependence	of	Seebeck	coeffi-
cient	on	tilt	angle	 is	 in	qualitative	agreement	with	experi-
ment	results	of	the	a-a-a-	tilt	systems.	Although	the	effects	of	
chemical	configuration	and	the	variation	of	carrier	concen-
tration	cannot	be	excluded,	our	results	indicate	that	out-of-
phase	 tilting	 is	 beneficial	 for	 improving	 the	 absolute	 See-
beck	coefficients	in	titanate	perovskites.	Unlike	the	electri-
cal	conductivity,	the	Seebeck	coefficient	is	unaffected	by	ex-
trinsic	effects	such	as	grain	boundary	resistance,	which	fur-
ther	increases	the	relevance	of	this	approach	to	designing	
future	thermoelectric	materials.	

Figure	5	shows	the	dependence	of	power	factor	as	a	func-
tion	of	tilt	angle	and	carrier	concentration	in	the	six	hetto-
type	 STO	 tilt	 systems	 at	 300	 K.	 The	 PFopt	 and	 the	 corre-
sponding	tilt	angle,	electrical	conductivity,	Seebeck	coeffi-
cient,	and	carrier	concentration	at	300	K	for	the	six	hetto-
type	 systems	 are	 summarized	 in	 Table	 S2.	 The	 optimum	
carrier	concentration	for	PFopt	is	(3.0-9.0)	×	1020	cm-3	for	all	
six	hettotype	tilt	systems.	As	the	increase	of	Seebeck	coeffi-
cient	 is	 squared	 in	 thermoelectric	 power	 factor	 formulae	
(𝑃𝐹 = 𝑆0𝜎),	 the	 increase	of	 Seebeck	 coefficient	 surpasses	
the	decrease	of	 electrical	 conductivity	with	 increasing	 tilt	
angle	in	all	three	out-of-phase	tilt	systems,	which	results	in	
higher	power	factor.	The	largest	increase	in	power	factor	is	
achieved	in	the	one-tilt	system	a0a0c-	(~100%	at	tilt	angle	of	
15°,	 i.e.	20.2	µW	cm-1	K-2	 vs.	9.8	µW	cm-1	K-2).	This	 result	
agrees	 with	 the	 evidence	 that	 increased	 power	 factor	 is	
found	in	doped	STO	materials	with	a0a0c-	tilting.19	However,	
further	 increase	 in	 tilt	 angle	 will	 cause	 the	 decrease	 of	
power	 factor	 in	 a0a0c-	 tilt	 system	 (Figure	 S10),	 which	 is	
caused	by	 the	decrease	of	Seebeck	coefficients	due	 to	 the	
significant	band	splitting	between	flat	and	dispersive	bands	
when	tilt	angle	is	larger	than	15°	(Figure	S11).	The	power	
factor	has	the	largest	increase	of	~28%	and	~17%	in	a0b-b-	
and	a-a-a-	tilt	systems,	respectively,	when	tilt	angle	is	9°.	It	is	
also	noted	that	increased	power	factors	can	be	achieved	in	
the	a0a0c-	tilt	system	over	wider	range	of	carrier	concentra-
tions.	The	energy	cost	of	the	distortion	as	a	function	of	tilt	
angle	for	the	six	hettotype	tilt	systems	is	shown	in	Figure	
S12.	 Rotation	 of	 the	 octahedra	 up	 to	 9°	 incurs	 a	 penalty	
smaller	than	100	kJ	mol-1	per	formula	unit	for	all	tilt	systems.	
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The	 energy	 variation	 for	 the	 one-tilt	 system	 a0a0c-	 that	
yields	the	best	power	factor	is	the	lowest	among	all	distor-
tion	examined,	and	amounts	to	4	kJ	mol-1	at	a	tilt	angle	of	9°	
and	44	kJ	mol-1	at	15°.	Such	energy	contributions	are	easily	
achievable	 through	 the	 defect	 chemistry	 associated	 with	
doping,	and	indeed	experimental	evidence	shows	that	dop-
ing	does	modify	the	octahedral	tilt.	Experimentally,	the	in-
crease	of	power	factor	with	tilt	angle	at	the	same	nominal	
carrier	concentration	is	observed	in	the	two	rhombohedral	
a-a-a-	materials,	La0.5Na0.5Ti0.9Nb0.1O3	and	La0.55K0.45TiO3	with	
tilt	angle	of	7.45°	and	2.18°,	respectively	(Table	S3).17	Fig-
ure	5	also	shows	that	the	power	factor	decreases	slowly	as	
a	function	of	tilt	angle	in	all	three	in-phase	tilt	systems.	The	
power	factor	decreases	significantly	when	the	tilt	angle	 is	
larger	than	9°	and	15°	in	a0b+b+	and	a+a+a+	tilt	systems,	re-
spectively,	which	can	be	attributed	to	the	much	larger	band	
splitting	and	band	width	(Figure	S13).	
	
4.	CONCLUSIONS	
These	results	enable	us	to	clarify	the	possibility	of	optimiz-
ing	thermoelectric	power	factor	of	titanate	perovskites	by	
controlling	octahedral	tilting.	The	effects	of	octahedral	tilt-
ing	 on	 the	 electronic	 band	 structure	 and	 thermoelectric	
power	factor	in	titanate	perovskites	have	been	studied	from	
first-principles	calculations	using	SrTiO3	as	an	exemplar.	It	
is	found	that	out-of-phase	tilting	is	beneficial	for	improving	
the	 Seebeck	 coefficient	 and	 power	 factor,	 while	 in-phase	
tilting	lowers	the	thermoelectric	power	factor	slowly	with	
increasing	tilt	angle.	The	increase	of	power	factor	in	out-of-
phase	tilt	systems	(a0a0c-,	a0b-b-,	a-a-a-)	 is	attributed	to	the	
increase	of	the	slope	of	density	of	states	around	the	Fermi	
energy.	 The	most	 significant	 increase	 (~100%)	 of	 power	
factor	occurs	in	a0a0c-	one-tilt	system	when	the	tilt	angle	is	
15°	with	energy	cost	of	only	44	kJ	mol-1	per	 formula	unit.	
These	results	agree	with	the	experimental	observation	that	
increased	power	factor	is	found	in	a0a0c-	and	a-a-a-	tilt	sys-
tems	 of	 titanate	 perovskites.16,17,19	 The	 improved	 Seebeck	
coefficient	of	a-a-a-	tilt	systems	as	a	function	tilt	angle	is	con-
firmed	 by	 experimental	 results	 collected	 from	 materials	
that	adopt	the	same	tilt	system.16,17	As	such,	both	the	octa-
hedral	tilt	system	and	tilt	angle	are	important	factors	that	
should	be	considered	in	optimizing	the	thermoelectric	per-
formance	of	titanate	perovskite	materials,	with	the	one-tilt	
out-of-phase	a0a0c-	 system	identified	as	 the	superior	sym-
metry	and	tilt	system	to	achieve	high	thermoelectric	power	
factor.	In	the	context	of	titanate	perovskite	thermoelectrics,	
mechanisms	of	doping	through	the	B	site	frequently	retain	
the	 cubic	 (a0a0a0)	 symmetry,	 whilst	 substitution	 through	
the	 A	 site	 often	 induced	 octahedral	 tilting.19-22	 Our	 study	
from	first	principles	indicates	that	the	tilt	systems	of	a0a0c-	
and	 a-a-a-,	which	 often	 result	 from	A	 site	 substitution,16,20	
provide	the	most	promising	routes	to	enhancing	the	ther-
moelectric	power	factor	in	titanate	perovskites.	
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