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Symbols and Notations 

αααα Vaporization Coefficient 1 

aaaa				 Activity 1 

B Magnetic Field Strength T (Tesla) (V s m-2) 

(c) Crystalline Phase - 

��	(�)   Heat Capacity at T and constant pressure J mol-1 K-1 

(g) Gaseous Phase - 

∆!�  Gibbs Energy kJ mol-1 

∆!�   Standard Gibbs Energy kJ mol-1 

h Planck Constant 6.626 10-34 J s 

∆"#$%&   Standard Enthalpy of Formation kJ mol-1 

∆"'(#$%&   Standard Enthalpy of Fusion kJ mol-1 

∆)#$%&  Standard Enthalpy of Reaction kJ mol-1 

∆('*#$%&   Standard Enthalpy of Sublimation kJ mol-1 

∆+)(#$%&   Standard Enthalpy of Transition kJ mol-1 

∆+)(#+)�   Enthalpy of Transition at (trT) kJ mol-1 

∆,-�#$%&  Standard Enthalpy of Vaporization kJ mol-1 

./  Boltzmann Constant 1.3807 10-23 J K-1 

0�   Equilibrium constant at constant pressure 1 

(l) Liquid Phase - 

M Molecular Mass g mol-1 

12								 Chemical Potential G (Gibbs) = J mol-1 

13   Standard Chemical Potential G (J mol-1) 

pL Langmuir Pressure Pa or atm or bar 

peq Equilibrium Pressure Pa or atm or bar  

R Gas constant 8.3145 J mol-1 K-1 

4444 Ionization Cross Section 10-20 m² 

5$%&   Standard absolute Entropy at 298 K J mol-1 K-1 

∆5�   Standard Entropy J mol-1 K-1 

∆+)(5+)�   Entropy of Transition at (trT) J mol-1 K-1 

TTTT				 Absolute Temperature K (Kelvin) 

∆∆∆∆ ∑(Products) - ∑(Reactants) depend on Variable  
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1 Introduction 

Compounds	with	ferroelectric	properties	like	lead	titanate	and	sodium	niobate	have	
reached	 a	 considerable	 interest	 in	 the	 recent	years.	 In	particular,	 the	 electrical	 and	
physical	 properties	 such	 as	 their	 dielectric	 constants,	 temperature	 stability,	 high	
sound	velocity,	and	low	density	have	given	them	attractive	characteristics	for	use	in	
sensors,	attenuators,	actuators,	and	solid-state	memories	(Näfe	et	al.	[1,	2],	Xu	et	al.		
[3]).	
The	market	 for	 ferroelectric	 sensors	demands	materials	with	high	 stability,	both	 in	
temperature	and	time.	For	example,	 ferroelectric	PbTiO3,	which	shows	a	high	phase	
transition	 temperature	Tc	=	763	K	 (Shirane	et	al.	 [4-6],	Bhide	 [7],	Kwapuliski	et	al.	
[8],	 Zhong	 et	 al.	 [9]),	 can	 be	 used	 for	 sensors	 attached	 close	 to	 the	 combustion	
chamber	in	automobile	motors	(Schlegel	[10]).		
Environmental	aspects	have	increased	the	demand	for	lead-free	materials.	
The	high	temperature	properties	of	this	material	ought	then	to	be	determined,	as	they	
are	important	for	such	applications.	From	this	point	of	view,	thermodynamic	data	for	
the	 condensed	 and	 vapor	 phases	 are	 necessary	 to	 describe	 the	 stability	 of	 the	
systems.	 Hence,	 one	 can	 use	 Knudsen	 effusion	 mass	 spectrometry	 (KEMS)	 as	 the	
most	appropriate	method,	 for	 the	study	of	 the	gaseous	phase	over	 the	system.	This	
method	allows	determining	 the	enthalpy,	entropy,	Gibbs	energy,	 chemical	potential,	
and	the	related	value	of	thermo-chemical	activity	from	the	view	of	the	vapor	phase.		
The	 complementary	 method	 that	 is	 useful	 to	 study	 the	 condensed	 phase	 is	
calorimetry	 with	 dynamic	 scanning	 (DSC)	 or	 quasi-static	 calorimetry	 (DropC).	
Important	 thermodynamic	 data	 from	 the	 view	 of	 the	 condensed	 state	 are	 the	
temperature	dependence	of	the	heat	capacity	at	constant	pressure	and	the	enthalpy	
increment	 describing	 the	 temperature	 dependence	 of	 the	 energy	 state	 in	 a	 system.	
Lead	 titanate	 and	 sodium	 niobate	 are	 well	 understood	 in	 terms	 of	 crystalline	
structure	 and	 electrical	 properties,	 but	 there	 is	 a	 lack	 of	 reliable	 thermodynamical	
data	in	the	literature.		
Thermodynamics	 is	 related	 to	 the	macroscopic	description	of	matter.	The	empirical	
laws	of	thermodynamic	are	state	functions,	which	allow	describing	the	change	of	the	
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energy	states	in	a	system	on	any	way	to	accomplish	the	same	result.	The	qualification	
for	the	state	functions	is	the	equilibrium	state.	This	excludes	kinetic	conditions	where	
reactions	can	give	different	results	depending	on	time-related	processes.	
In	practice,	standard	applications	are	under	constant	pressure	that	allows	the	sample	
even	 to	 go	 through	 volume	 changes.	 This	 work	 belongs	 to	 this	 group	 of	 constant	
pressure	applications	and,	temperature	and	volume	can	change.		
The	thermodynamic	stability	can	be	related	to	the	enthalpy	of	 the	bonds	 formed	by	
the	 elements	 to	 make	 up	 a	 compound.	 Strong	 bonds	 give	 the	 compound	 a	 high	
stability.	The	bond	strength	depends	on	the	chemical	potential	of	the	elements	inside	
of	the	compound	and	the	structure	and,	is	not	the	same	between	the	same	elements	in	
different	molecules.	 The	 higher	 the	 chemical	 potential	 in	 the	 condensed	 phase,	 the	
higher	is	the	partial	pressure	of	the	molecules	over	the	sample.	To	make	the	chemical	
potential	 of	 one	 compound	 comparable	with	 another	one,	 the	partial	 pressures	 are	
referred	to	a	reference	sample,	which	is	also	present	in	the	compound.	In	the	case	of	
lead	 titanate,	 the	 references	 are	 lead	 oxide	 (PbO(c))	 and	 titanium	 oxide	 (TiO2(c))	
and,	 in	 case	 of	 sodium	 niobate,	 the	 references	 are	 sodium	 oxide	 (Na2O(c))	 and	
niobium	oxide	NbO2(c).		
The	vapor	phases	over	the	pure	oxidespure	oxidespure	oxidespure	oxides	are	controversial	discussed	in	literature	and	it	
was	important	to	do	additional	studies	of	these	oxides	beside	the	studies	of	the	pure	
perovskites	and	their	Mn-doped	versions.		
The	 high	 temperature	 properties	 of	 lead	 titanate,	 sodium	 niobate	 and	 of	 their	
manganese-doped	versions	are	studied	firstly	from	the	view	of	the	vapor	phase,	and	
secondly	 from	 the	 view	of	 the	 condensed	 state,	 then	 for	 open	prospects	 for	 strain-
stress	(elastic	effects)	phase	transition	study,	and	prospects	for	resistive	switching.	
The	aim	of	this	workaim	of	this	workaim	of	this	workaim	of	this	work	is	related	to	deducing	the	missing	thermodynamic	specifications,	
such	 as	 enthalpy,	 entropy,	 Gibbs	 energy,	 and	 the	 related	 value	 of	 thermo-chemical	
activity,	 of	 these	 compounds	 and	 probably	 to	 check	 the	 validity	 of	 alio-valent	Mn-
doping,	 e.g.	 for	 the	 stabilization	 of	 the	 oxygen	 deficiency	 level.	 The	 study	 of	 vapor	
phase	 of	 lead	 titanate,	 PbTiO3(c)	 and	Mn-doped	 lead	 titanate,	 as	well	 as	 of	 sodium	
niobate,	NaNbO3(c)	and	Mn-doped	sodium	niobate	were	related	to	Knudsen	effusion,	
while	the	solid-state	studies	are	related	mainly	to	calorimetry.		
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2 Thermodynamic Background and Materials 

2.1 Equations 

Thermodynamics	 is	related	to	the	macroscopic	description	of	matter	and	not	 to	 the	
microscopic	properties,	which	 is	 the	purpose	of	quantum	mechanics	(Fig.	2-4).	The	
empirical	 laws	 of	 thermodynamic	 are	 state	 functions,	 which	 allow	 describing	 the	
change	of	one	energy	state	to	another	state	on	any	way	to	accomplish	the	same	result.	
The	qualification	for	the	state	functions	is	the	equilibrium	state,	a	state	where	nothing	
more	will	happen.	This	excludes	kinetic	conditions	where	reactions	can	give	different	
results	depending	on	time-related	processes.	
In	practice,	standard	applications	are	under	constant	pressure	that	allows	the	sample	
even	 to	 go	 through	 volume	 changes.	 This	 work	 belongs	 to	 this	 group	 of	 constant	
pressure	applications	and	temperature	and	volume	can	change.		

2.1.1 Gibbs energy 

Any	system,	which	changes	his	energetic	state,	can	be	described	by	the	sum	of	terms	
for	any	possible	contribution	and	the	most	stable	state	is	given,	when	no	terms	show	
any	further	change.	The	Gibbs	energy	function	can	formulate	this	state	Gibbs	[11]:	

where	 parameters	 with	 a	 standard	 (ideal)	 term	 ∆���,	 excess	 term	 ∆��op,	 magnetic	
term	 ∆��q,	 defect	 term	 ∆��ros,	 and	 further	 terms	 like	 the	 ferroelectric	 ∆��tu ,	 and	
ferroelastic	∆��tuv ,	term	can	be	considered.		
The	function	can	be	formulated	with	a	term	that	is	the	equilibrium	constant	for	mole	
fractions	Kx,	or	 for	concentrations	Kc	or,	concerning	the	vapor	phase,	a	 term	for	 the	
partial	pressures.	This	term	is	used	in	this	work	and	named	Kp	(Fig.	2-5).	All	terms,	
beside	∆���,	are	included	in	the	temperature	dependent	equilibrium	constant	for	the	
partial	pressures	Kp.	The	equation	for	this	is:	

∆�� = ∆��� + ∆��op + ∆��q + ∆��ros + ∆��tu + ∆��tuv +⋯		 (2-1)	

∆�� = ∆��� + R	{	lnK|� 	 (2-2)	



2		Thermodynamic Background and Materials	 4	

 

With,	 R = N~	k = 8.3145		J	mol��K��,	 N~ = Avogadro�s	constant = 6.022	10
�	mol��	
and	k	=	Boltzmann’s	constant	=	1.3807	10-23	J	K��.	
When	all	changes	in	the	terms	are	completed,	the	first	derivation	of	the	function	(eq.	
((2-1))	 in	 differential	 form	 has	 a	 global	 or	 local	minimum	 f(G(min))	≤	 f(G)	 and	 the	
slope	is	constant	f’	(G)	=dG	=	0	at	this	condition.	One	says	that	the	Gibbs	energy	is	at	
its	minimum	and	 the	 system	has	 come	 to	 its	most	 stable	 form	and	has	 reached	 the	
equilibrium	state.	

Rearranging	 the	eqs.	 (2-2)	and	(2-3)	gives	 the	 important	equation	 for	 the	standard	
Gibbs	energy	(IUPAC	“standard	free	energy”)	

The	equilibrium	constant	comprises,	as	a	variable,	only	partial	pressures	of	involved	
vapor	species	and	with	the	absolute	temperature	in	Kelvin,	it	is	possible	to	determine	
the	standard	free	energy,	∆���.	This	energy	is	connected	to	the	standard	enthalpy	and	
standard	entropy	by:	

Rearranging	eq.	 (2-5)	gives	 the	 important	 linear	 correlation	 (eq.	 (2-6))	 that	 can	be	
visualized	 in	 the	 so-named	 Arrhenius	 plot,	 which	 is	 convenient	 for	 numerical	
evaluation.		
(UUUUse	of	inse	of	inse	of	inse	of	in	Chapter	4.3.11	and	8.6.10Chapter	4.3.11	and	8.6.10Chapter	4.3.11	and	8.6.10Chapter	4.3.11	and	8.6.10).	

From	 the	 slope	 of	 this	 linear	 equation,	 ∆���,	 and	 from	 the	 y-intercept,	 ∆���,	 can	 be	
determined,	respectively.	This	is	also	called	the	2222ndndndnd				lawlawlawlaw	enthalpy	determination.		
	

∆�� = 0			��	�����������	 (2-3)	

∆��� = −R	{	lnK|� 	 (2-4)	

∆��� = −R	{	lnK|� = ∆��� − {∆���	 (2-5)	

ln�|� = −∆���
R 	1{ +

∆���
R 	 (2-6)	
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2.1.2 Heat capacity Cp 

When	 matter	 is	 subjected	 to	 a	 change	 of	 temperature,	 the	 internal	 energy	 is	 also	
changing	(Clausius	[12]).	The	measure	for	the	energy	variation	is	the	heat	capacity,	C.	
Under	constant	volume,	it	is	Cv	and	under	constant	pressure,	it	is	Cp,	which	is	the	topic	
in	this	study.	The	definition	for	Cv	is	(dU/dT)v	and	for	the	isobaric	heat	capacity	

The	heat	capacity	is	an	extensive	property	and	independent	from	the	amount,	and	the	
corresponding	molar	properties	become	intensive.	They	are	reported	in	J	K-1	mol-1.	In	
applications,	the	specific	heat	capacity	is	the	heat	capacity	divided	by	the	mass,	which	
is	reported	in	J	K-1	g-1.	It	should	by	mentioned	that	the	molarmolarmolarmolar	heat	capacity	for	metals	
is	nearly	constant	and	about	three	times	the	gas	constant,	Cp	=	3	R	≈	25	J	K-1	mol-1	
and	per	atom	(Dulong-Petit	law	[13]).	
The	heat	capacity	is	determined	as	a	polynomial	equation	with	variables	from	x-5	 to	
x+5.	The	form	used	in	this	study	is	as	followed:		

This	polynomial	is	optimal	for	any	temperature	range	and	is	the	standard	guideline	in	
IVTANTHERMO	 [14].	With	 the	 heat	 capacity	 polynomial	 equations	 for	 the	 enthalpy	
(2-14)	and	entropy	(2-20)	can	be	derived.	
(Use	of	Use	of	Use	of	Use	of	the	heat	capacitythe	heat	capacitythe	heat	capacitythe	heat	capacity				in	Chapter	4.3.4	and	8.6.4)in	Chapter	4.3.4	and	8.6.4)in	Chapter	4.3.4	and	8.6.4)in	Chapter	4.3.4	and	8.6.4)				
 

2.1.3 Ehrenfest Classification 

Most	 of	 the	 phase	 transition	 temperatures	 in	 compounds	 are	 known	 as	 melting,	
boiling,	 or	 decomposition	 points.	 These	 points	 are	 easily	 recognized	 and	 the	
measurements	 show	 considerable	 signals.	 Ehrenfest	 [15]	 has	 classified	 the	
transitions	 accordingly	 to	 the	 singularity	 of	 the	 chemical	 potential	 μ	 (see	 below).	
From	 the	 relation	of	 the	 chemical	potential	with	 respect	 to	 the	 temperature	d�/dT,	
the	 1st	 order	 transitions	 shows	 a	 discontinuity	 (Fig.	 2-1).	 The	 enthalpy	 of	 the	

�� = (	���{)�		 (2-7)	

��	(�)� = c1 + c2
x
 + c3 ∙ x + c4 ∙ x
 + c5 ∙ 	x�			with	x = 10��	{	 (2-8)	
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2.1.4 Chemical activity 

If	 pure	 chemical	 components	 in	a	multi-component	 system	(multiple	phases)	 come	
together	 during	 chemical	 reactions	 to	 form	 a	 solution	 (compound,	 one	 phase),	 the	
amount	 of	 the	 pure	 components	 are	 changing	 as	 long	 as	 the	 system	has	 reached	 a	
constant	chemical	composition.	This	is	connected	with	energy	changes	and	the	term,	
where	the	Gibbs	energy	is	changing	with	the	number	of	moles	is	called	the	(partial)	
chemical	potential	

i	=	component,	ni	=number	of	mole	for	component	i,	G=Gibbs	energy.	The	pressure	p		
and	the	temperature	T		are	constant.		
At	equilibrium,	when	the	system	has	come	to	a	single	phase,	the	chemical	potential	of	
all	components	are	equal	and	the	change	in	the	Gibbs	energy	is	0	(zero).		

If	a	system	has	come	to	equilibrium,	the	chemical	potential	of	adjacent	phases	are	in	
equilibrium	 too.	 This	means	 that	 the	 chemical	 potential	 in	 the	 condensed	 phase	 is	
equal	 to	 the	chemical	potential	 in	 the	vapor	phase.	Regarding	eq.	(2-2),	 the	relation	
for	the	chemical	potential	in	one	mol	(n	=	1	mol).	

Here is ���	=	standard	chemical	potential.		

The	 activity	a	 is	 a	measure	 of	 the	 chemical	 potential	 in	 a	mixture,	with	 that	 of	 the	
chemical	 potential	 in	 a	 pure	 sample.	 By	 convention,	 the	 activity	 is	 treated	 as	 a	

�� = (	r�r ¡)|,� 		 (2-9)	

�� = 	∑ �� 	��� � = 0		 (2-10)	

d�� = ���� + R	{	lnK|� ,	 (2-11)	
and	with	eq.	(2-9)	 	
�� = ��� + R	{	lnK|� .	 (2-12)	

lnK|� = �� − ���
R	{ 		or		K|� =	e£¡�£¤

¥
¦	� 	 (2-13)	
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dimensionless	quantity.	For	gases,	it	is	deduced	as	a	ratio	of	the	equilibrium	constant	
Kp	over	the	mixture	and	over	the	pure	sample.	The	activity	depends	on	temperature,	
pressure	and	composition	of	the	mixture.	Under	Knudsen	conditions,	the	gases	show	
ideal	behavior	and	the	vaporization	coefficient	is	1.	The	activity	of	pure	substances	in	
condensed	 phases	 (solid	 or	 liquids)	 is	 per	 definition	 normally	 taken	 as	 unity.	 A	
sample	with	a	 low	activity	under	 the	 condition	of	 interest	 is	 considered	as	a	 stable	
compound.	 For	 example,	 if	 a	 system	 is	 formed	 with	 an	 activity	 of	 10-3	 from	
components	with	a	 stability	of	one	day,	 the	 system	would	be	 stable	 for	65	 years.	A	
well	know	example	is	aluminium	(Al),	which	is	quite	reactive	in	air.	It	forms	a	dense	
oxide	surface	 in	which	 the	activity	of	Al	 is	 reduced	to	≈10-7	or	 the	stability	 is	more	
than	1100	years	as	in	the	example	before.	
(Application	in	Chapter	4.3.3	and	8.6.3Application	in	Chapter	4.3.3	and	8.6.3Application	in	Chapter	4.3.3	and	8.6.3Application	in	Chapter	4.3.3	and	8.6.3).	
	

2.1.5 Heat content 

Another	 way	 to	 obtain	 the	 enthalpy	 is	 by	 solid-state	 studies	 via	 the	 heat	 capacity,		
��	(�)� ,	or	directly	by	measuring	the	heat	content	using	a	drop	calorimeter.	
(see	Chapter	4.3.5	and	8.6.5.see	Chapter	4.3.5	and	8.6.5.see	Chapter	4.3.5	and	8.6.5.see	Chapter	4.3.5	and	8.6.5.)	

Here	are	different	equations	in	use	to	deduce	the	enthalpy:	

or	

and	

∆��� = ���−�
��� = § ����
�


��
�{	 (2-14)	

∆��� = ∆��� + {∆��� = −R	{	lnK|� + {∆��� = −{¨R	lnK|� − ∆���©	 (2-15)	

∆��� = −{(R	lnK|� + ∆��� − ∆���
{ )	 (2-16)	
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The	enthalpy	determination	with	eq.	(2-16)	is	the	so-called	3333rdrdrdrd				lawlawlawlaw	method.		
The	standard	entropy	is	also	related	to	vapor	and	condensed	phase	studies.		

or	

and	

(MMMMore	ore	ore	ore	details	details	details	details	in	Chapter	4.3.5in	Chapter	4.3.5in	Chapter	4.3.5in	Chapter	4.3.5....				and	8.6.5.)and	8.6.5.)and	8.6.5.)and	8.6.5.)				
 

2.1.6 Sigma plot 

Experimental	 results	 most	 widely	 deduced	 above	 room	 temperature	 have	 to	 be	
adapted	to	correlate	with	 low	temperature	data.	 If	 the	equilibrium	constant	Kp,	and	
the	 differences	 of	 enthalpy	 ∆r[���	 –�
��� ]	 and	 entropy	 ∆r[���	 –	 �
��� ]	 are	 know	
(probably	 from	 data	 base	 tables)	 and	 available,	 the	 standard	 heat	 of	 reaction	 and	
standard	entropy	can	be	deduced	by	the	slope	and	intercept	of	the	linear	sigma	prime	
function	(Σ′-function).	Expanding	eq.	(2-5)	with	the	additional	difference	terms,	the	
equation	obtains	the	following	form:	

Dividing	the	equation	by	T	gives	

∆�
��� = −{(R	lnK|� + ∆��� − ∆�
���
{ )	 (2-17)	

∆��� = ∆���
{ + R	lnK|� 	 (2-18)	

∆��� = −∆��� − ∆���
{ 	 (2-19)	

∆��� = ��� − �
��� = § ����
{ �{

�


��
	 (2-20)	

∆«��� =	–	R	T		lnKp	=	∆r�
��� 	+	∆r[���	–�
��� ]	–	T	∆r�
��� 	–	T	∆r[���	–	�
��� ]	 (2-21)	

∆¬�¥
� =	–	R	lnKp	=	®∆¬¯°±²¥

� ³	+	®∆¬[¯¥–¯°±²¥ ]
� ³	–	∆r�
��� 	–	∆r[���	–	�
��� ]	 (2-22)	
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Rearranging	eq.	(2-22)		

provides	the	Σ′-function	(left	side)	

Equation	(2-25)	is	a	linear	function	in	form	of	y=a	x+b,	with	the	slope	a	=	∆«�
��� ,	x=	
1/T	and	b	=	∆r�
��� .		
The	 “experimental	 version”	 to	 adapt	 measured	 data	 to	 low	 temperature	 data	 is	
related	 to	 methods	 using	 algebraic	 equations	 derived	 from	 thermodynamic	
measurement	 to	 evaluate	 and	 correlate	 thermodynamic	 data.	 In	 this	 work	 the	
measurements	 to	 determine	 the	 heat	 capacity	 by	 dynamic	 scanning	 calorimetry	
(DSC)	and	heat	content	per	drop	calorimeter	provide	the	qualification	for	the	sigma	
function	(Σ–plot	function).	
The	 constants	 kH=F	 and	 kS=G,	 are	 related	 to	 the	 integration	 of	 the	 heat	 capacity	
function	��	(�)� 	(eq.	(4-22)	for	enthalpy,	(4-25)	and	entropy)	and	can	be	deduced	from	
the	 least-square	 plot	 of	 the	 linear	 Σ-function	 in	 equation	 (2-26)	 vs.	 1/T.	 The	
derivation	of	the	equation	is	like	for	Σ’.	

(Application	for	Application	for	Application	for	Application	for	ΣΣΣΣ––––plot	see	Chapter	4.3.11	and	8.6.11)plot	see	Chapter	4.3.11	and	8.6.11)plot	see	Chapter	4.3.11	and	8.6.11)plot	see	Chapter	4.3.11	and	8.6.11)				
 

2.1.7 Enthalpy of reaction and enthalpy of formation 

One	question	often	occurs	 regarding	 the	enthalpy	of	 formation	∆fH	 and	enthalpy	of	
reaction	∆rH.	The	enthalpy	of	formation	includes	the	sum	of	stoichiometric	amounts,	
ni,	of	the	heat	of	formation	for	the	involved	elements	or	compounds	(reactants)	plus	

–	R	lnKp	− ®∆¬[¯¥–¯°±²¥ ]
� ³	+	∆r[���	–	�
��� ]	=	®∆¬¯°±²¥

� ³	–	∆r�
��� 	 (2-23)	

Σ′	=–	R	lnKp	− ®∆¬[¯¥–¯°±²¥ ]
� ³	+	∆r[���	–	�
��� ]	 (2-24)	

Σ′	=	∆«�
��� 	��	–	∆r�
��� 	 	 (2-25)	

Σ	=	[∆«�
��� 	-	kH]	��	–	[∆r�
��� 	-	kS]	 (2-26)	
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the	enthalpy	of	 reaction	 for	 the	desired	chemical	 reaction.	The	common	equation	 is	
called	the	Hess’s	law:	

Confusion	 is	 easily	 understandable,	 if	 one	 is	 not	 keeping	 the	 thermodynamic	
nomenclature.		
As	 an	 example	 given	 here,	 is	 the	 synthesis	 of	 ABC3	 (=product)	 from	 A,	 B,	 and	 C	
(=reactants)	following	the	reaction	(R1)	in	eq.	(2-28).	

Reaction	(R1)	has	the	energy	balance:		

The	last	term	∆rH(R1)	is	the	energy	to	bring	all	reactants	in	(R1)	together.	A	second	
example	is	reaction	(R2)	in	eq.	(2-30):	

with	the	energy	balance:	

The	 enthalpy	 of	 formation	 ∆fH(ABC3)	 will	 be	 the	 same	 in	 both	 (and	 in	 all	 other	
possible)	synthesizes,	but	∆rH(R1)	≠	∆rH(R2),	and	 the	heat	of	 formation,	∆fH,	of	all	
five	reactants	A,	B,	C	and	AC,	BC	are	also	different.	
A	special	situation	is	given,	if	the	reactants	are	all	elements	(here	A,	B,	C)	in	standard	
state,	 where	 the	 heat	 of	 formation,	 ∆fH,	 is	 defined	 as	 0	 (zero).	 A	 standard	 state	
(STP=standard	temperature	and	pressure),	expressed	by	symbol	0	or	θ,	(e.g.	p0,	G0,	
S0,	Cp0,	H0	or	Hθ	and	…),	is	for	gases	1	atm	(1	bar),	for	solids	and	liquids,	it	is	the	most	
stable	allotrope	in	the	surrounding	of	1	atm	(1	bar)	and	for	solutions	it	is	the	molality.	

∆��
��� (��·¸¹�º�) =»�� ∆s�
��� (��º��¸¹) −	»�� ∆s�
��� (�)(��·¸¹·�¹¼)	 (2-27)	

(R1):	A	+	B	+	3C=	ABC3	 (2-28)	

∆fH(ABC3)	=∆fH(A)	+	∆fH(B)	+	3	∆fH(C)	+	∆rH(R1)	 (2-29)	

(R2):	AC	+	BC	+C	=	ABC3	 (2-30)	

∆fH(ABC3)	=	∆fH(AC)	+	∆fH(BC)	+	∆fH(C)	+	∆rH(R2).	 (2-31)	
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The	heat	balance	for	reaction(R1)	with	elements	in	standard	state	is	now:	

Or	in	other	words,	here:	∆fH(ABC3)	=	∆rH(R1).	In	this	case,	the	heat	of	 formation	is	
equal	to	the	heat	of	reaction.		
And	for	(R2)	the	heat	balance	would	be	with	only	one	element	in	standard	state:	

Here	∆fH(ABC3)	≠	∆rH(R2).	
The	reactants	in	this	work	are	oxides	and	their	enthalpies	of	formation	are	not	zero,	
similar	to	the	equation	(2-33)	above.	
((((The	use	of	Hess’s	law,	see	Chapter	4.6.3	and	8.6.6The	use	of	Hess’s	law,	see	Chapter	4.6.3	and	8.6.6The	use	of	Hess’s	law,	see	Chapter	4.6.3	and	8.6.6The	use	of	Hess’s	law,	see	Chapter	4.6.3	and	8.6.6.).).).)				
	

2.1.8 Knudsen effusion 

Knudsen	has	published	two	fundamental	papers	concerning	the	molecule	current	of	
gases	through	channels	[16]	and	of	gases	through	openings	[17].	On	the	base	of	the	
kinetic	gas	theory	and	the	Maxwell-speed	distribution	[18,	19]	the	effusion	was	found	
to	be	 inversely	proportional	 to	square	root	of	 the	molar	mass.	As	 long	as	 the	mean	
free	path,	that	is	the	distance	for	a	molecule	to	collide	with	another	one,	is	longer	than	
the	distance	to	a	wall,	the	gas	behaves	perfect	and	is	a	so-called	molecular	beam.	The	
partial	pressure	of	the	gas	species	is	than	proportional	related	to	

This	relation	is	applied	in	the	Knudsen	evaporation.	According	to	the	Hertz-Knudsen	
equation	(2-35),	the	mass	loss	mi	per	time	t	is	constant	at	a	constant	temperature	T,	
when	 molecules	 effuse	 out	 of	 the	 Knudsen	 cell	 through	 an	 orifice	 q	 with	 a	
transmission	 probability	 W	 (Clausing	 [20]).	 New	 aspects	 of	 the	 transmission	
probabilities	and	their	implication	are	given	by	Kobertz	et	al.	[21].	

∆fH(ABC3)	=	0+0+3•0+	∆rH(R1)	 (2-32)	

∆fH(ABC3)	=	∆fH(AC)+∆fH(BC)+0+	∆rH(R2)	 (2-33)	

��	~¿�
À�
		 (2-34)	
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The	 molecular	 beam	 effuses	 out	 of	 the	 opening	 in	 form	 of	 a	 cosine	 distribution	
(Clausing	 [20]).	 For	methods	using	 the	 total	mass	 loss,	 it	 is	 important	 to	 collect	 all	
species	 in	 this	 distribution.	 In	 contrast	 to	 this,	 the	 Knudsen	 effusion	 mass	
spectrometer	(KEMS,	Chapter	3)	collects	the	molecules	in	a	beam	which	follows	the	
dimension	of	the	effusion	orifice	(Kobertz	et	al.	[21]).	The	Knudsen	conditions	have	
some	upper	 limit	at	about	10	 to	100	Pa	 total	pressure	 in	 the	cell	 to	make	sure	of	a	
sufficient	long	mean	free	path	in	comparison	to	the	orifice	dimension.	This	is	fulfilled,	
when	 the	dimensionless	Knudsen	number	Kn	>	1,	 (2-36).	Kinetic	condition	and	 the	
laws	for	kinetic	gas	theory	are	for	values	Kn<1.		

λ	--	mean	free	path,	kB	--	Boltzmann	constant,	σ	--	molecule	diameter,	p	--	pressure,	L	-
-dimension	of	beam.	
The	Knudsen	number	in	the	vaporization	studies	of	this	work	is	Kn>15	at	the	upper	
Knudsen	limit	of	about	100	Pa.	
(Application	in	the	Chapter	4	to	11with	vaporization	studiesApplication	in	the	Chapter	4	to	11with	vaporization	studiesApplication	in	the	Chapter	4	to	11with	vaporization	studiesApplication	in	the	Chapter	4	to	11with	vaporization	studies)	
	

2.1.9 Equilibrium and vaporization 

When	 molecules	 enter	 the	 vapor	 phase	 from	 a	 liquid	 phase	 they	 consume	 the	
enthalpy	 of	 vaporization	 ΔvapH	 (reverse:	 condensation),	 and	 if	 they	 enter	 from	 the	
solid,	 they	 need	 the	 enthalpy	 of	 sublimation	 ΔsubH	 (reverse:	 deposition).	 The	
difference	between	both	is	the	enthalpy	of	fusion	ΔfusH	(reverse:	freezing).		

These	processes	take	place	in	an	open	system	as	well	as	in	a	closed	system.	An	open	
system	interacts	with	the	surroundings	in	form	of	material	and	energy	exchange.	The	

Æq¤
Æ� = ��	Ç	q		¿ À¤


	È	¦	�		 (2-35)	

KÉ = Ê
v =	 ËÌ	�

È	Í²	|	v	√
				 (2-36)	

ΔÐÑÒ� =	ΔÓÑÐ� +	ΔÔÕ��		 (2-37)	
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opposite	 form	 is	 the	 isolated	system	that	 is	completely	enclosed,	and	does	not	pass	
anything.	Since	this	ideal	system	will	not	allow	to	exchange	any	information	one	has	
to	study	a	closed	system	to	obtain	the	experimentally	measurable	properties.	A	close	
system	 is	 separated	 from	 its	 surrounding	 by	 a	 boundary.	 It	 will	 reach	 a	
thermodynamic	 equilibrium,	 if	 it	 has	 come	 to	 thermal,	 mechanical,	 and	 chemical	
equilibrium.	 For	 a	 system	 at	 constant	 temperature	 and	 pressure	 (the	 volume	 is	
variable),	the	Gibbs	energy	is	minimal	at	the	thermodynamic	equilibrium.	
With	respect	to	the	vaporization	processes,	it	is	eminently	important	to	know	about	
the	 type	 of	 system.	 Regarding	 the	 pressure,	 it	 is	 strongly	 dependant,	 whether	 the	
vaporization	is	from	an	open	or	from	a	closed	system.	Over	an	open	system,	not	only	
the	 temperature	will	 change	 the	pressure	of	 the	 gaseous	 species.	 The	 vaporization,	
called	 free	or	Langmuir	vaporization,	 is	a	kinetic	orientated	process	and	dependent	
on	 the	 vaporization	 coefficient	 α	 (Fig.	 2-3	 ).	 This	 factor	 depends	 on	 the	 grain	 size,	
porosity	of	the	bulk,	surface	roughness,	crystal	defects,	and	further	properties,	and	its	
value	is	smaller	than	1	(α	≤	1).		
The	 pressure	 over	 a	 system	 is	 at	 highest	 in	 a	 closed	 system	 like	 in	 a	Knudsen	 cell,	
which	realizes	the	boundary	of	the	system.	At	constant	temperature,	the	thermal	and	
mechanical	 equilibria	 are	 fixed.	 As	 long	 as	 the	 effusing	 rate	 out	 of	 the	 cell	 is	 small	
enough	 not	 to	 disturb	 the	 vapor	 phase	 (Knudsen	 number	 Kn>1,	 eq.	 (2-36)),	 the	
system	 will	 also	 come	 to	 chemical	 equilibrium	 and	 the	 system	 finally	 reaches	 a	
thermodynamic	equilibrium.	 	This	state	can	be	analyzed	with	 the	Knudsen	Effusion	
Mass	Spectrometer	(KEMS).	
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The	reason	for	a	high	mass	loss	during	free	vaporization	is	the	continuous	disturbing	
of	the	equilibrium	between	vapor	and	condensed	phase	(e.g.	drying	of	clothes).		From	
this	fact	it	is	believed	that	the	vapor	pressure	would	be	higher	on	free	vaporization,	
which	is	definitely	not	true.	The	only	part	which	is	higher	is	the	energy	consumption	
(heat	of	boiling).		For	practical	use	it	is	better	to	cook	in	a	pot	with	a	lid	on	top.	
	(Application	in	the	Chapter	4	to	11with	vaporization	studiesApplication	in	the	Chapter	4	to	11with	vaporization	studiesApplication	in	the	Chapter	4	to	11with	vaporization	studiesApplication	in	the	Chapter	4	to	11with	vaporization	studies)		
	
The	 thermodynamic	 background	 is	 substantial	 and	 sometimes	 not	 very	 clear.	
Important	 is,	 that	 thermodynamics	 is	 a	 macroscopic	 description	 of	 matter	 and	
concerns	with	equilibrium	states	only.	 	Unfortunately,	very	often	it	 is	seen	that	data	
from	kinetic	 orientated	 experiments	 are	 used	 in	 software	 for	modeling	 and	 for	 the	
calculations	of	thermodynamic	date	of	unknown	systems.	
In	contrast	to	this,	the	dynamic	processes	and	microscopic	properties	are	reigned	to	
kinetics	and	quantum	mechanics.	Fig.	2-4	gives	a	schematic	view	on	the	classification	
of	thermodynamic	relations	(taken	from	Jenkins	[22]).		 	

Fig. 2-3: Comparison of the conditions between free (L) and equilibrium (eq) vaporization. p=pressure, 

a=vaporization coefficient, MS= Mass spectrometer (measuring system)	
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2.2 Thermodynamic relations 

The	relationship	of	thermodynamics	in	the	scientific	field.	

 

The	 core	 of	 relationships	 of	 thermodynamic	 equations	 and	 their	 implications	 are	
compressed	 in	 an	 informative	 and	 impressive	 “road”	map	 in	 Fig.	 2-5	 taken	 from	 a	
book	by	Jenkins	[22].	
 

 

 

Fig. 2-4: Scheme of thermodynamic relations taken from a book by Jenkins [22] 
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2.3 Thermodynamic equations: correspondence and/or implications 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 2-5: The core of thermodynamic relationship taken from book by Jenkins [22]	
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2.4 Materials: lead titanate (literature review) 

2.4.1 PbTiO3 

Knudsen	 effusion	 measurement,	 where	 total	 pressure	 of	 lead	 titanate	 was	
determined	 by	 thermogravimetric	 methods,	 has	 been	 reported	 in	 two	 papers	 by	
Härdtl	et	al.	[23]	with	ΔÐÑÒH�
�Ö	×� (PbO) = 261.5	kJ	mol��	and	Holman	et	al.	[24]	with	
ΔÐÑÒH����	×� (PbO) = 302.6	kJ	mol��.	Popovic	et	al.	[25]	have	used	the	KEMS	method	to	
study	the	equilibrium	state	on	PbTiO3.	All	authors	have	claimed	that	only	PbO(g),	and	
not	Pb(g)	and	O2(g)	species,	evaporates	from	PbTiO3(c).	Enthalpy,	entropy,	and	heat	
capacity	data	have	been	determined	by	Härdtl	[23].	The	activity	of	PbO	in	the	single-
phase	 region	of	 lead	 titanate	has	been	measured	by	Holman	 [24].	 Similar	work	has	
been	conducted	on	PbTixZr1-xO3-δ	with	x	covering	the	entire	range	from	x	=	1	to	x	=	0,	
and	 therein	 it	 has	been	 claimed	also	 that	Pb(g)	 is	not	 a	 species	 in	 the	 vapor	phase	
[24].	
Molecular	species	in	the	vapor	phase	over	solid	lead	oxide	(PbO(c))	and	their	partial	
pressures	 have	 been	 studied	with	 a	 Knudsen-cell	mass	 spectrometer	 between	 890	
and	1100	K	by	Popovic	et	al.	[26]	with	an	ionization	energy	of	probably	40	eV.	Their	
work	 has	 been	 focused	 on	 the	 detailed	 characterization	 of	 the	 origin	 of	 ions	 from	
gaseous	 species.	 Polymeric	 species	 in	 form	 of	 PbnOn,	 n=1-6	 in	 the	 vapor	 and	 their	
fragmentation	could	be	clarified	in	detail	analysis	of	the	ionization	efficiency	curves.	
The	description	obtained	of	 the	partial	pressures	and	the	 identified	reactions	of	 the	
polymeric	 species	 have	 been	 tabulated.	 They	 pointed	 out	 that	 the	 platinum	 cells	
showed	some	surface	diffusion	of	 lead	 through	 the	wall	and	due	 to	 that,	 they	could	
not	use	 the	Pb+	 ion	 intensities	 for	 thermodynamic	 calculation.	 Since	 they	were	not	
able	 to	 determine	 the	 correct	 portion	 of	 lead	 from	 PbO	 they	 have	 chosen	 an	
arbitrarily	 “improving”	 factor	 of	 1.4	 to	 correct	 the	 intensity	 of	 PbO.	 The	 partial	
pressure	 of	 Pb(g)	 for	 the	 determination	 of	 the	 dissociation	 energy	 of	 PbO	 was	
deduced	from	oxygen	partial	pressure	measurements.		
Semenikhin	et	al.	[27]	have	also	used	a	platinum	Knudsen	cell	for	their	studies	on	lead	
oxide	in	a	temperature	range	from	950	to	1150	K	and	an	ionization	energy	between	
40	 and	 55	 eV.	 They	 found	 also	 ions	 from	 the	 source	 of	 polymer	 PbnOn	 (n=1-6)	
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gaseous	species.	The	partial	pressure	of	PbO(g)	was	determined	by	two	independent	
methods	 using	 a	 double	 and	 a	 single	 Knudsen	 cell.	 They	 have	 specified	 Pb(g)	 as	
gaseous	 species	 beside	 PbO(g)	 and	PbnOn(g)	 (n=1-6)	 being	molecules	 in	 saturated	
vapor	over	lead	oxide.			
Kazenas	et	 al.	 [28,	 29]	have	 also	 specified	Pb(g)	 as	 a	 species	 in	 the	vapor	phase	of	
yellow	 lead	 oxide.	 They	 also	 found	 polymers	 PbnOn	 (n=1-6).	 This	 work	 includes	
Knudsen	effusion	measurement	data	 from	an	older	work	of	Chizhikov	et	al.	 [30].	 In	
the	article	[28]	they	have	compared	their	values	with	those	of	Drowart	et	al.	[31].	
Verkhoturov	et	al.	 [32]	were	focused	on	the	ionization	energy	by	electron	impact	of	
the	 species	 in	 the	 vapor	 phase.	 They	 found	 Pb+,	 PbO+	 and	 polymer	 ions	 of	 PbnOn	
(n=1-6)	 at	 the	 temperatures	 1009	 K	 and	 1074	 K,	 but	 with	 a	 not	 temperature-
proportional	change	in	the	polymer	intensities.		
Makarov	 et	 al.	 [33]	 have	 used	 Knudsen	 effusion	 mass	 spectrometer	 to	 study	
industrial	 lead	 oxide	 samples,	 including	 impurities	 (e.g.	 copper	 oxide)	 used	 in	 film	
sputtering	 technology,	 in	 platinum	 cells	 at	 an	 ionization	 energy	 of	 60	 eV.	 These	
samples	 had	 some	 surplus	 of	metallic	 lead.	 High	 intensities	 of	 polymer	 ions	 PbnOn	
(n=1-6)	at	 the	beginning	of	 the	measurements	decreased	after	 the	atomic	 lead	was	
reduced	 with	 the	 time	 and	 at	 higher	 temperature.	 They	 regard	 the	 Pb	 ion	 as	 a	
dissociation	product	over	PbO(c).	
The	oligomerization	of	PbO	vapor	was	studied	between	838	and	1018	K	by	Knacke	et	
al.	[34]	with	an	electrochemical	Knudsen	cell	and	quadrupole	mass	spectrometer.	In	
the	vapor	over	PbO(c)	they	found	polymer	ions	of	PbnOn	(n=1-6).	The	Knudsen	cell	
had	a	bottom	part	made	of	CaO	stabilized	ZrO	and	the	cover	was	made	of	Al2O3.	
Nesmeyanov	et	al.	 [35]	have	studied	the	total	pressure	over	 lead	oxide	in	a	ceramic	
container	 with	 Knudsen	 effusion	 method	 (1106	 –	 1511	 K)	 and	 free	 vaporization	
(Langmuir	vaporization)	(887	–	1043	K).	 In	another	article,	Nesmeyanov	et	al.	[36]	
they	have	use	oxygen,	air	and	nitrogen	as	the	carrier	gas	for	the	flow	method	(1055	–	
1153	K)	with	the	sample	in	a	platinum	boat.	
Knacke	et	al.	[37]	have	determined	the	total	pressure	by	measuring	the	weight	loss	of	
lead	 oxide	 with	 the	 Knudsen	 vaporization	 method	 between	 963	 and	 1163	 K	 in	 a	
rhodium	cell.		
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Feiser	[38]	has	thoroughly	studied	the	volatility	of	 lead	oxide	 in	platinum	container	
under	kinetic	behavior	between	1023	and	1473	K.	He	got	 the	total	vapor	pressures	
from	weight	 loss	measurements	during	free	vaporization	and	from	the	boiling	point	
of	lead	oxide,	which	was	empirically	calculated.	
Hörbe	 et	 al.	 [39]	 have	 used	 a	 transpiration	 technique	with	 oxygen	 as	 a	 carrier	 gas	
bubbling	through	lead	oxide	melt	in	the	range	1198	–	1498	K.	They	have	observed	the	
dissociation	reaction	over	liquid	lead	oxide,	PbO(l)	=	Pb(g)	+	0.5	O2(g).	
In	 their	 work	 on	 vaporization	 and	 thermodynamic	 properties	 of	 the	 PbO-V2O5	
System,	Lopatin	et	al.	[40]	have	studied	the	PbO	vaporization	at	900	–	1150	K.	They	
have	 inferred	 that	PbO	vaporizes	 congruently	 in	 form	of	 a	monomer	 and	polymers	
and	with	 partial	 dissociation	 into	 atomic	 lead	 and	 oxygen.	 They	 did	 not	 derive	 the	
partial	pressure	of	atomic	lead	due	to	uncertainties	in	under-oxidized	lead.	
In	accordance	with	the	literature,	the	solid-state	studies	on	PbTiO3	were	mainly	done	
by	dynamic	scanning	calorimetry	and	solution	calorimetry.	Transition	energy	∆trsH	=	
1150	 cal	mol-1	 (4.815	 kJ	mol-1)	 has	 been	 determined	 from	 ��	(�)� 	measurements	 by	
Shirane	et	 al.	 [5],	Rossetti	et	 al.	 [41]	have	 reported	 the	 transition	 energy	 for	 single	
crystals	as	4.150	kJ	mol-1,	a	“latent	heat”	as	1.55	kJ	mol-1	and	the	entropy	change	as	
2.0	J	mol-1	K-1.	They	have	proposed	that	the	phase	transition	is	one	of	first	order.	In	an	
older	work,	Rossetti	et	al.	[42]	have	reported	the	heat	of	transition	5.250	kJ	mol-1	and	
“latent	heat”	as	1.93	kJ	mol-1	for	polycrystalline	lead	titanate.	The	quantity	of	this	heat	
was	computed	 from	the	definite	 integral	L = Ú ∆��	dT��ÛÜ

���Ü 	 in	a	narrow	temperature	
range	(Tp±δ)	around	the	phase	change.	Maffei	et	al.	[43]	found	4.57	kJ	mol-1	for	this	
transition.	In	contrast	to	these	data,	Roy	et	al.	[44]	have	found	a	much	lower	enthalpy	
of	transition	of	∆trsH	=	0.733	kJ	mol-1,	for	barium	doped	Pb1-xBaxTiO3	with	x	=	0.0,	0.1,	
0.2,	 and	 0.5.	 Rane	 et	 al.	 [45]	 have	 reported	 a	 heat	 of	 virtual	 transformation	 from	
tetragonal	to	orthorhombic	as	24	±	3.9	kJ	mol-1.	
Caloric	characteristics	of	PbTiO3	in	the	temperature	range	80	-	970	K	have	been	used	
by	Mikhalleva	 et	 al.	 [46]	 to	 describe	 the	 electrocaloric	 and	 barocaloric	 efficiencies.	
Thermal	 expansion	 and	 heat	 capacity	 have	 been	 studied	 and	 analyzed	 in	 terms	 of	
thermodynamic	theory	of	phase	transition	and	electrical	equation	of	state.		
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The	 properties	 of	 the	 ferroelectric-paraelectric	 phase	 transition	 have	 been	 studied	
also	 by	 step-scanning	 (enthalpy	 method)	 DSC	 (Yoshida	 et	 al.	 [47]).	 They	 have	
measured	the	heat	capacity	��	(�)� 	in	a	wide	temperature	range	(303-870	K).	From	the	
high	value	of	entropy	of	7.3	 J	mol	-1	K	-1	 they	have	 indicated	an	order–disorder-type	
mechanism	of	 the	 phase	 transitions	 in	 PbTiO3	 and	 they	 have	 excluded	 a	 displacive	
type	phase	transition.		
Shigematsu	et	al.	[48]	have	determined	the	heat	capacity	with	DSC	and	have	studied	
the	isotope	effect	on	the	ferroelectric	phase	transition	in	PbTiO3	samples,	which	have	
been	 synthesized	 from 	 TiO2	 that	 was	 enriched	 with	 different	 Ti	 isotopes.	 Effects	
concerning	the	molecular	mass	have	shown	a	shift	in	the	transition	temperature	by	9	
K.	The	lowest	temperature	they	have	found	for	the	change	in	transition	temperature	
was	476	°C	for	the	49Ti-enriched	mass	and	the	highest	at	485	°C	for	the	46Ti-enriched	
one.	 In	 between	was	 the	 value	 for	 the	 natural	 highest	 abundance	 isotope	 48Ti.	 The	
authors	have	interpreted	the	transition	is	one	of	first	order.	Moreover,	a	change	in	the	
order	 of	 the	 transition,	 induced	 by	 the	 composition	 variation,	 was	 described	 by	 a	
calorimetric	investigation	on	Pb(ZrxTi1-x)O3	by	Rossetti	et	al.	[42]	with	x=0,	0.15,	0.3,	
and	0.4.		
Another	 method,	 using	 a	 vacuum	 adiabatic	 calorimeter,	 has	 been	 applied	 to	
determine	specific	heat	��	(�)� ,	the	enthalpy,	and	the	entropy	of	the	phase	transition	in	
PbTiO3.	 The	 results	 were	 ∆trsH	 =	 1550	 cal	 mol-1	 (6.490	 kJ	 mol-1)	 for	 the	 phase	
transition	enthalpy,	and	∆trsS	=	2.055	cal	mol-1	K-1	(8.6	J	mol-1	K-1)	for	the	entropy	of	
transition	(Bhide	et	al.	[7]).	
It	should	be	noted	that	Schmahl	et	al.	[49]	have	determined	activity	by	electromotive	
force	 and	 pressure	 of	 PbTiO3	 with	 transpiration	 experiment	 and	 thermo-balance	
measurements.	 Their	 thermodynamic	 data,	 however,	 have	 been	 extrapolated	 from	
723	K	down	to	room	temperature.		
Heat	 of	 formation	 ∆Ó�
��� 	 and	 heat	 of	 reaction	 	∆«�
��� 	 were	 described	 in	 different	
papers.	Shim	et	al.	 [50]	and	Mehrotra	et	al.	 [51]	were	using	electrochemical	cells	at	
1090	–	1350	K	and	1100	–	1300	K.	They	have	reported	the	Gibbs	energy	of	formation	
as	 -32.51	and	 -31.3	kJ	mol-1	 (∆G	=	∆H	 -T	∆S).	Takayama-Muromachi	et	al.	 [52]	and	
Rane	et	al.	[45]	have	used	the	solution	calorimetry	with	a	twin	Calvet	calorimeter	and	
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they	have	stated	the	heat	of	 formation	(reaction)	as	∆«H����	×� 	=	-	31.1	kJ	mol-1	and	
∆«H
��	×� =	-36.74	kJ	mol-1,	respectively.	
 

2.4.2 PbTiO3:Mn 

Recent	 work	 on the	 development	 of	 nonvolatile	 semiconductor	 memory	 and	
pyroelectric	detector	devices	has	intensified	interest	in	PbTiO3.	Many	features	of	the	
present	 PbTiO3	 ceramics	 and	 crystals,	 that	 is	 high	 spontaneous	 polarization,	 high	
mechanical	 strength,	 small	 dielectric	 constant,	 large	 coupling	 factor	 of	 thickness	
mode,	 large	 mechanical	 quality	 factor,	 small	 Poisson's	 ratio,	 small	 temperature	
coefficient	of	frequency	constant,	and	small	aging	rate	are	all	advantageous	for	use	in	
electromechanical	devices.	An	important	aspect	of	materials	is	doping.	The	additives	
to	 ferroelectric	materials	 can	 be	 assigned	 to	 two	 groups	 of	 elements.	 The	 so-called	
“hardeners”	 increase	 coercive	 fields,	 electrical	 and	 mechanical	 quality	 factors.	 The	
“softeners”	 decrease	 these	 factors	 but	 increase	 the	 dielectric	 permittivity	 and	 the	
piezoelectric	coupling	coefficient.	
For	instance,	PbTiO3	doped	with	Mn	is	a	material	with	high	mechanical	quality	factors	
and	 low	 dielectric	 losses	 The	 large	 anisotropy	 in	 the	 coupling	 factor	 and	 the	 small	
value	 of	 Poisson's	 ratio	 are	 remarkable	 features	 of	 this	 material.	 Hence,	 the	
manganese	atoms	influence	the	“hardening”	effects:	the	higher	the	coercive	fields	and	
mechanical	 quality	 factor,	 the	 lower	 the	 hysteric	 losses,	 remnant	 polarization,	
dielectric	 and	mechanical	 losses,	 and	 decreased	 strains	 (Thomann	 [53],	 Chen	 et	 al.	
[54]).	Moreover,	the	aging	rates	are	the	smallest	one	of	those	piezoelectric	ceramics	
(lkegami	 et	 al.	 [55]),	 and	 engineering	 provides	 the	 ability	 to	 control	 physical	
properties	through	doping.	
It	has	been	shown	also	that	the	complex	perovskite	systems	containing	titanate-	and	
niobate-	based	compounds,	e.g.	Pb(Mn1/3Nb2/3)O3-Pb(ZrTi)O3,	(Li	et	al.	[56]),	Chen	et	
al.	[57]),	Pb(Mn1/3Nb2/3)O3	-	Pb(MgNb)O3-Pb(ZrTi)O3,	(Chen	et	al.	[58]),	and	BiScO3-
PbTiO3-	Pb(Mn1/3Nb2/3)O3,	 (Ryu	et	al.	 [59])	exhibit	electrical	properties	suitable	 for	
electro-mechanical	applications.	It	was	also	found	that	the	doping	with	acceptor	Mn	
ions,	which	replace	Nb	ions	and	Ti	ions,	improves	the	mechanical	quality	factor	Qm	of	
such	solid	solutions	([56]	[57]	[58]	[59]).	It	was	pointed	out	that	the	doping	with	Mn	
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ions	 may	 facilitate	 formation	 of	 Mn-VO	 electric	 dipoles	 ([56])	 that	 leads,	 in	
consequence,	to	appearance	of	the	electric	relaxation	phenomena.	
Electron	paramagnetic	resonance	(EPR)	spectroscopy	can	unambiguously	determine	
the	configuration	of	an	 incorporated	paramagnetic	 ion	and	yield	 information	on	the	
local	site.	The	studies	of	Mn-doped	perovskite	titanates	has	shown	that	substitution	
for	Ti	takes	place.	The	neutral	charge	state	of	Mn4+	 	with	respect	to	the	Ti	sublattice	
would	be	expected	to	favour	the	off-centre	Ti	site	(Keeble	et	al.	[60]).		
 

2.5 Materials: sodium niobate (literature review) 

2.5.1 NaNbO3 

The	 study	 of	 lead-free	 perovskites	 is	 concerned	 from	 environmental	 point	 of	 view.	
The	resistive	switching	to	the	conductive	state	has	been	induced	in	various	classes	of	
materials	 and	 the	 metal	 oxides,	 with	 perovskite	 structure,	 belong	 to	 the	 most	
promising	one.	The	conductive	filaments	models	Waser	et	al.	[61]	and	interface-type	
conductive	paths	models	(Sawa	[62])	has	been	considered.	The	experimental	works	
focuses	on	the	formation	of	the	so-called	filaments,	or	easy	diffusion	paths	and	their	
percolation,	 or	 conductive	 paths,	 which	 differs	 from	 the	 surrounding	 matrices.	 In	
oxides,	 resistive	 switching	 is	 often	 assigned	 to	 redox	 processes.	 The	 migration	 of	
oxygen	ions	and	oxygen	vacancies	can	be	affected	by	oxygenation	conducted	at	high	
temperature.	 It	 can	 also	 be	 stimulated	 and	 enhanced	 in	 the	 sodium	 niobate	 by	 an	
applied	 electric	 field	 within	 the	 electro-chemical	 procedure	 (Molak	 et	 al.	 [63-65]).	
Hence,	 the	 determination	 of	 the	 crystal	 lattice	 stability	 at	 high	 temperature	 and	
lowered	partial	pressure	of	oxygen,	when	the	perovskite	samples	are	exposed	to	such	
changeable	thermodynamic	conditions,	both	in	equilibrium	and	in	open	systems,	is	an	
important	task.		
It	has	been	shown	that	 the	electric	conductivity	activation	energy	depends	not	only	
on	 the	energy	gap	Eg	=	3.4	eV	(Raevski	et	al.	 [66]),	but	also	on	 the	oxygen	vacancy	
concentration	(Handerek	et	al.	[67],	Badurski	et	al.	[68],	Molak	[69]).	In	accordance	to	
the	literature	reports,	the	electric	conductivity	activation	energy	Ea	~1.8-1.9	eV	value,	
determined	in	high	temperature	range,	corresponds	to	the	energy	gap	~½Eg.	 	It	has	
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been	 shown	 that	 the	 oxygen	 deficiency	 increased	 the	 value	 of	 the	 conductivity	 by	
several	 orders.	 Moreover,	 it	 should	 be	 noted	 that	 the	 reduced,	 oxygen	 deficient	
NaNbO3-x	crystals	show	activation	energy	values	as	low	as	0.11-	0.53	eV,	in	400-7-00	
K	temperature	range	(Handerek	et	al.	[67]).	Such	values	of	the	activation	energy,	on	
the	 level	of	~0.05	eV	and	0.2-0.6	eV,	may	be	assigned	to	the	calculated	shallow	and	
deep	 energy	 level	 of	 the	 ionized	 oxygen	 vacancy,	 respectively	 (Prosandejev	 et	 al.	
[70]).		
Sodium	 niobate	 (NaNbO3)	 is	 an	 oxygen	 perovskite	 with	 the	 sequence	 of	 phase	
transitions	(Megaw	[71],	Darlington	et	al.	[72],	Lefkowitz	et	al.	[73]).	The	sequence	of	
phases	in	NaNbO3	is	as	follows:	U	(paraelectric	cubic	O1h)	→913	K→	T2	(paraelectric,	
D45h)	→	848	K	→		T1	(paraelectric,	D172h)	→		793		K→		S	→		(paraelectric,	D132h)	→	753	
K	→	R	(antiferroelectric,	D122h)	→	633	K		→	P	(antiferroelectric,		D112h	)	→	173	K	→	N	
(antiferroelectric,	 C63v).	 The	 low	 temperature	phase	N	has	been	 identified	 either	 as	
ferroelectric	(Darlington	et	al.	[74]),	or	as	the	antiferroelectric	one	(Molak	et	al.	[75]).	
It	has	been	shown	that	the	ferroelectric	order	can	be	induced	with	an	external	electric	
field	(Cross	et	al.	 [76],	Zhelnova	et	al.	 [77]).	The	occurrence	of	a	meta-stable	phase,	
called	Q,	has	been	reported	by	Megaw	[78]	and				Lefkowitz	et	al.	[73].	The	temperature	
range	of	its	occurrence	depends	on	external	hydrostatic	pressure	(Pisarski	[79]),	and	
relates	also	to	the	oxygen	non-stoichiometry	(Shakhovoy	et	al.	[80]).		
Sodium	niobate	exhibits	the	sequence	of	phase	transition	lowering	the	symmetry	of	
perovskite	 lattice	 from	cubic	 through	orthorhombic.	The	Curie–Weiss-type	anomaly	
ascribed	to	soft-mode	behavior	Wang	et	al.	[81]	appears	at	first-order	transition	that	
occurs	between	antiferroelectric	phases	(called	P	and	R).	Additionally,	ferroelasticity	
appears	 in	 the	 low-symmetry	 phase.	 Although	pure	 sodium	niobate	 does	 not	 show	
ferroelectric	 order	 Molak	 et	 al.	 [75],	 it	 can	 be	 induced	 with	 a	 strong	 electric	 field	
(Wood	 et	 al.	 [82],	 Zhelnova	 et	 al.	 [77]).	 The	 electric	 permittivity	 anomalies,	 e.g.	
athermal	features	of	phase	transition	were	assigned	to	structural	non-homogeneities	
of	the	NaNbO3	crystal	(Molak	[83,	84]).	Molak [83] has estimated an	enthalpy	for	the	P-
R	transition,	∆������� 	=	220	J	mol-1,	∆������� 	=	0.33	J	mol-1	K-1	in	NaNbO3(c)	ceramics	
with	differential	thermal	analysis	(DTA).	
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The	study	of	vapor	phase	of	sodium	niobate	is	also	related	to	Knudsen	effusion,	while	
the	solid-state	studies	are	related	mainly	to	calorimetry	or	solid-state	electrochemical	
approaches.	Popovic	et	al.	[85]	are	the	only	ones	that	have	used	the	KEMS	method	to	
study	 the	equilibrium	states	 in	 the	system	Na2O	–	Nb2O5.	Most	of	 the	vapor	studies	
are	related	to	only	one	of	the	compounds	in	the	system,	Na2O	(Brewer	et	al.	[86,	87],	
Brewer	 [88],	 Klemm	 et	 al.	 [89],	 Kröger	 et	 al	 [90],	 Hildenbrand	 et	 al.	 [91,	 92],	
Lamoreaux	et	al.	[93],	Piacente	et	al.	[94],	Steinberg	et	al.	[95].	The	vapor	phase	of	the	
oxides	of	niobium,	NbO2	and	Nb2O5	is	not	of	interest	since	their	partial	pressures	are	
much	too	low	in	the	temperature	range	under	consideration.		
Studies	on	NaNbO3	with	solid-state	electrochemical	investigations	by	Näfe	et	al.	[1,	2]	
were	 done	 to	 characterize	 thermodynamically	 the	 eutectic	 phase	mixture	 NaNbO3-
Na3NbO4.	Pozdnyakova	et	al.	 [96]	and	Xu	et	al.	 [3]	have	studied	the	thermodynamic	
and	structural	properties	in	sodium	lithium	niobate	and	in	sodium	niobate	strontium	
titanate	solutions	by	scanning	and	drop	calorimetry.		
Irle	et	al.	[97],	Reisman	et	al.	[98],	Shafer	et	al.	[99],	and	Appendino	[100]	have	given	
contributions	 to	 construct	 the	 phase	 diagrams	 of	 sub	 systems	 including	Na2O,	K2O,	
Nb2O5	and	Ta2O5	with	thermal	measurements.	Shafer	et	al.	[99]	have	reported	phase	
equilibria	 in	 the	 system	 Na2O-Nb2O3.	 Roth	 [101]	 has	 collected	 relations	 in	 alkali	
oxide-tantalum	 oxide	 and	 alkali	 oxide-niobium	 oxide	 systems.	 Phase	 transitions	 in	
sodium	niobate	have	been	analyzed	by	Tennery	et	al.	[102,	103],	Sue	[104],	Shirane	et	
al.	 [105],	Shigemi	[106],	Megaw	[82],	Francombe	[107],	Andersson	[108]	and	Metha	
et	al.	[109].		
Different	 authors	 have	 calculated	 and	 reported	 empirical	 approaches	 to	 determine	
the	 heat	 of	 formation.	 Shigemi	 et	 al.	 [106]	 have	 used	 first-principles	 calculation.	
Reznitski	[110]	has	calculated	the	heat	of	reaction	using	the	enthalpies	of	changes	δH	
in	 the	 cation	 coordination	 number	 (∆rH	 	 =	 -31.3	 +	 0.84	 ΣδH	 kJ	 mol-1)	 or	 from	 a	
function	(∆rH		=	2	[-60	+	500(1-α)]	kJ	mol-1	including	Goldschmidt’s	[111]	tolerance	
factor	for	ABO3	perovskites.	The	approaches	of	Voskrenskaya	et	al.	[112],	Lindemer	et	
al.	[113]	and	Yungman	[114]	are	based	on	coefficients	of	linear	functions	of	common	
properties	in	homologous	series.		
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The	enthalpy	as	a	function	of	the	number	of	oxygen	(O)	in	oxides	was	introduced	by	
Tsagareishvili	 et	 al.	 [115]	 (∆fH	 	 =	 -29.288	n(O)	 kJ	mol-1)	 and	Moiseev	 et	 al.	 [116]	
((∆fH	=	-16.0485	n(O)	kJ	mol-1).		
The	 heat	 capacity	 data	 have	 been	 empirical	 determined	 by	 Kellogg	 [117]	 and	
Kubaschewski	 et	 al.	 [118]	 using	 ion	 contributions	 ä	 and	 the	 formula	 C�(
��	×)	� =
	∑ (� ∏ nææ Φæ	�).	
Empirical	approaches	to	determine	the	absolute	entropy	in	oxides	and	non-oxides	are	
given	 in	 the	 works	 of	 Eastman	 [119],	 Karapetiants	 [120],	 Kelley	 et	 al.	 [121],	
Khriplovich	et	al.	[122],	Kubaschewski	et	al.	[123],	Latimer	[124,	125],	Lindemer	et	al	
[113],	Philippin	[126],	Treadwell	et	al.	 [127],	Wenner	[128],	Yungman	[114],	Cantor	
[129],	Turkdogan	et	al.	[130],	and	Stull	et	al.	[131].	
Many	 authors	 have	 given	 their	 contributions	 to	 study	 the	 structure	 transitions	 in	
NaNbO3(c),	 like	 Pozdnyakov	 [96],	 Xu	 et	 al.	 [3],	 Tennery	 [102,	 103],	 Shigemi	 [106],	
Megaw	[71],	Francombe	[107],	Lefkowitz	et	al.	[73],	Darlington	[74,	132],	Glazer	et	al.	
[133],	Ishida	[134],	Wang	[81],	Wood	et	al.	[82,	135].			
It	should	be	noted	that	Mehta	et	al.	[109]	have	studied	the	ilmenite	form	of	NaNbO3	
and	describe	metastable	transition	to	orthorhombic	perovskite	form.	
 

2.5.2 NaNbO3:Mn 

The	influence	of	manganese	(Mn)	dopant	ions	on	the	transition	between	ferroelastic	
and	 antiferroelectric	 phases	 (P	 -	 R)	 in	 sodium	 niobate	 has	 been	 studied	 by	Molak	
[83]]	and	the	heat	capacity	of	the	antiferroelectric	P	-	R	transition	was	reported	in	the	
work	by	Molak	et	al.	[136].	
The	 interest	 on	 the	 NaNbO3	 doped	 with	 the	 Mn	 ions	 has	 been	 focused	 also.	 Such	
system	would	join	the	high	resistance	of	the	niobate	materials	with	the	active	role	of	
the	dopant	Mn	ions.	The	electrical	measurements	were	carried	out	for	both	the	Mn-
doped	 NaNbO3	 and	 the	 stoichiometric	 NaNbO3	 crystals	 to	 discern	 the	 role	 of	 the	
doping	with	 the	 alio-valence	 ions.	 In	 former	works,	 conducted	on	 the	pure	 and	 the	
Mn-doped	 sodium	 niobate	 crystals,	 it	 has	 been	 shown	 that	 the	 transition	 from	 the	
insulator	 state	 (where	 the	 resistance	 is	 higher	 than	 ~10	 GΩ)	 to	 the	 metallic	
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properties	with	resistance	value	of	the	order	of	10-100	Ω,	has	been	produced	in	the	
oxygen-deficient	samples	by	heating	at	1070	K	at	reducing	conditions.	The	transition	
to	the	metallic	state	was	induced	for	the	both	types	of	composition;	however,	 it	has	
been	 found	 that	 the	 Mn	 dopant	 ions	 stabilize	 the	 metallic	 type	 temperature	
dependence	of	the	resistance	in	the	range	from	1070	K	down	to	room	temperature.		
Moreover,	 the	 spatially	 non-homogeneous	 distribution	 of	 the	 electric	 conductivity	
was	 determined.	 The	 highly	 conducting	 filaments,	 which	 appeared	 in	 the	 oxygen-
deficient	sodium	niobate,	were	related	to	the	easy	diffusion	paths	distributed	in	the	
crystal	 lattice.	 It	 has	 been	 shown	 that	 apart	 the	 oxygen	 ions	 diffusion,	 the	 Na	 ions	
migrate	 toward	 surface	 of	 	 crystal	 samples	 exposed	 to	 the	 chemical	 and	 electrical	
gradients	Molak	et	al.	[64],	Alvarado	et	al.	[137].		
The	X-ray	photoelectron	spectroscopy	(XPS)	study	has	been	conducted	on	the	series	
of	the	NaNbO3:xMn	crystal	samples		Kubacki	et	al.	[138],	Ksepko	et	al.	[139],	Pilch	et	
al.	 [140].	 It	 has	 been	 reported	 that	 doping	 with	 Mn	 ions,	 which	 replace	 Nb	 ions,	
influences	 its	 valence	 band.	 A	 tail	 in	 the	 density	 of	 state	 emerges	 at	 the	 top	 of	 the	
valence	band	in	case	of	the	crystal	Mn-doped	crystals.	Such	effect	has	been	assigned	
to	the	hybridization	of	the	Mn	ions	with	the	O	2p	and	Nb	4d	states	since	Mn	ions	built	
in	to	the	Nb	sublattice		of	the	NaNbO3	crystal	lattice	(Wolska	et	al.	[141],	Ławniczak-
Jablońska	et	al.	[142],	Molak	et	al.	[143]]).		
The	 measurements	 were	 carried	 out	 for	 both	 the	 Mn-doped	 NaNbO3	 and	 the	
stoichiometric	NaNbO3	crystals	to	discern	the	role	of	the	doping	with	the	alio-valence	
ions.	The	interest	was	focused	on	the	NaNbO3	doped	with	the	Mn	ions.	Such	system	
would	 join	 the	 high	 resistance	 of	 the	 niobate	materials	 with	 the	 active	 role	 of	 the	
dopant	Mn	ions	
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3 Experimental methods 

3.1 Knudsen Effusion Mass Spectrometry (KEMS) 

All	materials	vaporize	and,	under	equilibrium	conditions,	 the	gaseous	phase	defines	
the	thermodynamic	state	of	the	system.	The	chemical	structures	and	compositions	of	
the	 vapor	 phase	 species	 can	 be	 different	 from	 that	 of	 the	 condensed	 phase.	 Mass	
spectrometry	is	the	most	versatile	method	for	the	analysis	of	such	vapors	because	it	
enables	 the	 identification	 of	 the	 species	 present	 in	 the	 gaseous	 phase	 and	 the	
determination	 of	 their	 partial	 pressures.	 If	 the	 vapors	 are	 generated	 under	
equilibrium	 conditions,	 thermodynamic	 data	 can	 be	 evaluated	 from	 the	 partial	
pressures	and	the	temperatures.	
The	 principal	 setup	 of	 a	KEMS	 scheme	 is	 shown	 in	 Fig.	 3-1	 (Hilpert	 [144,	 145]).	 It	
consists	 of	 a	 single-focusing	 magnetic	 type	 sector-field	 mass	 spectrometer,	 an	
electron	impact	ion	source,	a	Knudsen	cell,	and	a	collector	arrangement	of	multiplier	
and	 Faraday	 cup.	 A	 cryogenic	 pump	 filled	 with	 liquid	 nitrogen	 reduces	 the	
background	in	the	ion	source.	Ion	getter	pumps	generate	the	ultrahigh	vacuum	in	the	
mass	spectrometer;	and	a	turbo	molecular	pump	is	used	for	evacuating	the	Knudsen	
cell	chamber.	This	chamber	can	be	separated	from	the	mass	analyzer	by	a	valve,	i.e.	a	
so-called	 shutter	 that	 serves	 also	 as	 a	 beam	 suppressor.	 A	 fast	 and	 precise	 mass	
adjustment	is	possible	by	the	use	of	a	Hall	probe	supported	magnetic	field	controller	
and	 a	mass	programmer.	The	mass	peak	 scan	 is	 done	by	 sampling	 the	 accelerating	
voltage	 in	 a	 small	 range	 sufficient	 to	 cover	 some	peak	widths	 in	 the	mass	 range	of	
interest.	
The	 vapor	 species	 entering	 the	 ion	 source	 (Fig.	 3-1)	 as	 a	 molecular	 beam	 are	
subjected	 to	 ionization	 by	 electron	 impact	 (M(g)	 +	 e-	 →	M(g)+	 +	 2	 e-)	 with	 an	
emission	current,	i(em)	=	0.5	mA,	and	electron	energy	E(e-)	=	70				eV.		
With	 respect	 to	 the	 electron	 energy,	 also	 fragmentation	 processes	 can	 arise	 like	
MX(g)	+	e-	→	MX(g)+	+	2	e-	⟼	MX(g)+	→	M(g)+	+	X	 (g),	or	directly	MX(g)	+	e-	→	
M(g)++	X(g)	+	2	e-		and,	other	combinations.		
A	set	of	collimating	lenses	focuses	the	ion	beam	and,	on	the	way	to	the	entrance	slit	of	
the	mass	analyzer,	the	ion	kinetic	energy	is	boosted	by	an	accelerating	potential	of	8	
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kV.	 The	 entering	 kinetic	 energy	 of	 all	 ions	 with	 the	 same	 charge	 is	 nearly	 mono-
energetic	at	8	keV,	but	their	velocities	follow	the	law	of	classical	mechanics,	wherein	
the	speed	of	a	particular	ion	is	proportional	to	the	reciprocal	to	the	square	root	of	its	
mass.	The	path	of	an	ion	passing	the	sector	field	analyzer	is	affected	by	a	combined	
action	of	perpendicular	electric	and	magnetic	fields	described	by	the	electromagnetic	
force.	By	dynamically	changing	the	electrical	field	strength,	the	ions	of	different	mass	
are	 separated	 according	 to	 their	 mass-to-charge	 ratio.	 The	 instrument	 has	 a	
resolution	R	 =	M/∆M	 of	 4000	 that	 defines	 the	 capability	 to	 separate	 two	 adjacent	
masses	 in	 the	mass	 spectrum.	 A	 resolution	 of	 1200	was	 used,	 to	 provide	 a	 higher	
sensitivity	and	which	was	good	enough	 to	distinguish	between	all	 species	and	 their	
direct	mass	 neighbors	 under	 consideration.	 The	mass	 spectrometric	 base	 equation	
for	the	mass	to	charge	relation	is,	qo =	ì²	�²
	í ,	(B=field	strength	in	Tesla,	r=radius	of	the	
sector	field	in	m,	and	U	=	acceleration	voltage	in	volt).	Both,	the	field	strength	B	and	
the	voltage	U	 can	be	changed	and	used	for	 the	 interpretation	of	 the	mass	spectrum.	
Changing	the	magnetic	field	was	used	to	measure	the	ions.	Here,	the	mass	to	charge	
ratio	qo 	is	quadratic	dependent	on	the	magnetic	field	strength.	
The	 final	 place	 for	 the	 ions	 is	 in	 the	 detector.	 A	 quantity	 of	 ions	 is	 directed	 into	 a	
Faraday	cage	and	 the	 current	 is	directly	 recorded	as	a	potential	drop	across	a	high	
resistance	 (1011	 Ohm).	 At	 low	 quantity,	 the	 ions	 are	 directed	 to	 impact	 the	 first	
dynode	of	 the	multiplier,	where	 they	 induce	a	secondary	emission	of	electrons.	The	
secondary	 electrons	 are	 amplified	 through	 a	 cascade	 of	 plates	 with	 increasing	
potential	difference.	On	each	plate	the	electron	emission	is	multiplied	and	finally	the	
number	of	secondary	electrons	ends	in	a	shower	that	is	about	106	times	the	starting	
number.	 The	 number	 of	 electrons	 is	 now	 high	 enough	 to	 be	 recorded	 either	 as	 a	
potential	 drop	 through	 a	 resistor	 or	 as	 a	 burst	 that	 is	 counted	 (ion-counting).	 The	
studies	 were	 generally	 done	 with	 ion	 counting	 in	 order	 to	 avoid	 a	 mass	
discrimination	 caused	 by	 the	 multiplier.	 The	 ion	 counts	 were	 converted	 to	 an	
intensity	signal	of	a	potential	drop.	
An	assembly	of	an	outer	tungsten	container	lined	with	an	inner	iridium	Knudsen	cell	
is	 the	best	 for	 oxide	 systems	 (Fig.	 3-1	 top	 right).	 Iridium	 is	 oxidation-resistant	 and	
forms	an	oxide	only	at	very	high	temperature,	so	that	the	oxygen	partial	pressure	is	
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only	 controlled	by	 the	 sample.	The	 lead	oxide	 samples	are	 in	direct	 contact	with	 Ir	
and	do	not	react	with	the	cell	material.	An	effusion	orifice	with	a	diameter	of	0.3	mm	
is	 sufficient	 for	 studies	 on	 the	 lead	 oxide	 systems	 without	 diffusion-controlled	
vaporization,	which	 is	 sometimes	 observed	 on	 complex	 heterogeneous	 systems.	 An	
automatic	 pyrometer	 of	 the	 ETSO-U	 type	 supplied	 by	 Dr.	 Georg	 Maurer	 GmbH,	
Kohlberg,	 Germany,	measures	 the	 temperature	 in	 a	 blackbody	 hole	 in	 the	Knudsen	
cell	below	the	sample.	A	thermocouple,	type	K,	as	the	sample	temperature	sensor,	and	
a	 thermocouple,	 type	 D,	 WRe3/WRe25	 for	 controlling	 the	 Knudsen	 heating	 were	
used.	 All	 temperature	 detectors	 are	 calibrated	 in-situ	 using	 the	 melting	 points	 of	
silver	and	gold.		
	
	
	
	
	
	
	
	
	
	
	

	
One	important	and	substantially	modification	was	the	movable	shutter	for	the	beam	
suppression	that	allows	to	distinguish	the	signal	 from	a	molecule	coming	out	of	 the	
Knudsen	 cell	 from	 that	 coming	 from	 another	 source.	 This	 shutter	 also	 makes	 it	
possible	to	separate	the	Knudsen	chamber	from	the	ion	source.	The	advantage	of	this	

b)  
Iridium  
Knudsen Cell 

Fig. 3-1: Schematic set-up of a magnetic sector-field Knudsen Effusion Mass Spectrometer [144, 145] 

and the Knudsen cell (KC) made of Ir as a lining within an outer metal coating made from molybdenum 

used in the studies b) Iridium KC 

Mo coating 
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construction	provides	the	mounting	of	a	sample	without	switching	off	the	electronics.	
In	this	way,	all	electronics	in	the	ion	source	is	continuously	on	a	stable	level	and	the	
ion	intensity	signals	are	generated	reproducible.		
The	acceleration	voltage	is	adjustable	between	10	kV	for	resolutions	up	to	4000	and	
down	to	100	V	for	molecular	masses	up	to	1000000	mass	units.	The	highlight	is	that	
the	 mass	 spectrometer	 was	 completely	 computer-controlled.	 In	 Fig.	 3-2	 is	 the	
schematic	 flow	 chart	 for	 the	 controlling	 and	 acquisition	 management	 of	 the	 mass	
spectrometer	used	for	the	studies.		
 

I,V

T

T

Mass,T,Int

T,t,field,KnSh,PySh

Mass,T,Int

Fig. 3-2: Flow chart of controlling and acquisition management in the magnetic sector-field Knudsen 

Effusion Mass Spectrometer MAT 271 
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Two	approaches	to	temperature-dependent	vaporization	studies	are	typically	 in	use	
and	since	a	state	function	allows	any	way	to	change	the	system	state,	both	are	giving	
the	same	result.	One	way	is	by	decreasing	the	temperature	from	high	to	low	level	and	
the	 second	way	 is	 the	 reverse.	When	 the	 temperature	 is	 reduced,	 the	 excess	 vapor	
over	 the	 condensed	 phase	 between	 the	 higher	 and	 the	 lower	 temperature	 is	
deposited.	 To	 reach	 the	 chemical	 equilibrium	 state	 at	 the	 lower	 temperature,	 the	
excess	deposit	has	to	undergo	a	vapor-solid	and	a	solid-solid	state	reaction.	The	lower	
the	temperature,	the	lower	the	solid-state	reaction	rate	becomes,	and	the	longer	the	
reaction	 time	 to	 reach	 equilibrium	 takes.	 Especially	 in	 oxide	 systems,	 this	 can	 be	 a	
time	limiting	factor	reaching	certain	equilibrium	states.	I	found	that	the	time	to	reach	
equilibrium	 from	 high	 to	 low	 temperature	 can	 extend	 to	 more	 than	 one	 hour	 to	
achieve	 the	 same	 result.	 On	 increasing	 the	 temperature,	 the	 system	 releases	more	
gaseous	molecules	 (vapor	 pressure	 increases),	 and	 the	 equilibrium	 process	will	 be	
	only	 a	 solid-vapor	 one,	 which	 goes	 faster.	 The	 second	 way,	 increasing	 the	
temperature	 from	 low	 to	 high	 values	 was	 used	 in	 this	 work.	 The	 flow	 chart	 of	 a	
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process	of	a	KEMS	acquisition	is	described	in	Fig.	3-3.	
From	 the	 ion	 intensities	 obtained	 by	 the	 KEMS	 measurements	 (ion	 counting),	 the	
partial	 pressures	 p(i)	 of	 species	 i	 at	 the	 temperature	 T	 over	 the	 samples	 can	 be	
obtained	 from	 the	equation,	��	(�) = k	 	∑ î¡	�ï¡	ð¡	Í¡	 .	 The	 constant	where	k	 is	 the	pressure	
calibration	 factor	and	ΣI(i)	 is	 the	sum	of	 the	intensities	of	 the	 ions	originating	 from	
the	same	neutral	precursor	i,	and	σ(i)	is	the	ionization	cross	section	of	the	species	(i).	
η(i)	 represents	 the	 isotopic	 abundance	 and	 γ(i)	 the	multiplier	 factor	 of	 species	 (i)	
that	describes	a	mass-	and	molecule	structure-dependent	value	of	secondary	electron	
emission	from	the	first	dynode	of	a	multiplier.	The	value	for	the	mass	discrimination	
γ(i)	=	1,	since	an	ion	counting	system	was	used	in	the	KEMS.	
The	calibration	of	the	Knudsen	cell	-	mass	spectrometer	system	was	performed	by	the	
vaporization	of	pure	silver.	Related	to	eq.	(3-6),	the	pressure	of	silver	is	proportional	
to	 the	 product	 of	 the	 silver	 ion	 intensity	 I(Ag+),	 and	 the	 absolute	 temperature	 in	
Kelvin:	p(Ag)	~	I(Ag+)∙T.		
The	Arrhenius	plot	of	the	natural	logarithm	of	the	product	(ln(I(Ag+)∙T))	versus	the	
reciprocal	of	the	absolute	temperature	(1/T)	is	a	linear	function:	

The	slope	represents	 the	enthalpy	of	 sublimation	and	 this	 is	also	 called	 the	2nd	 law	
determination.	
According	to	the	Hertz-Knudsen	equation	(2-35)	the	partial	pressure	is	proportional	
to	the	square	root	of	the	inverse	molecular	mass	(2-34).	This	proportionality	is	useful	
in	case	of	molecules,	where	residual	gas	molecules	 inside	of	 the	mass	spectrometer	
influence	the	molecules	effused	from	the	Knudsen	cell.	
 

3.2 Dynamic scanning calorimetry (DSC) 

Measurements	 to	 determine	 dynamically	 the	 energy	 transfer	 that	 is	 required	 to	
change	the	temperature	of	a	substance	over	a	range	of	interest,	was	conducted	with	a	

∆ÐÑÒ���(Ag)	= −	R	 Æ ñÉ(î(~òó)	∙	�)Æ	� �ô 	,			R	 = 	gas	constant	 (3-1)	
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commercially	 available	 instrument	 of	 Type	 DSC	 404	 C	 from	 Netzsch	 GmbH,	 of	
Selb/Bavaria,	at	the	Forschungszentum	Jülich	in	the	same	laboratory	as	the	Knudsen	
effusion	mass	spectrometer	(Fig.	3-4).	The	sample	holder	had	a	sophistic	design	for	
precise	heat	capacity	measurements.	In	DSC	(commonly	called	“differential	scanning	
calorimetry”)	 the	 heat-flux	 Qö 	 is	 dynamically	 calculated	 by	 integration	 of	 the	
difference	(∆T-Tref)	versus	the	time	t,	(Qö = Ú(∆T − T«÷Ó)	dt).	For	heating/cooling	rates	
close	to	the	equilibrium	temperature,	the	differential	scanning	calorimetry	is	similar	
to	 DTA.	 In	 contrast	 to	 this,	 a	 heating	 rate	 of	 20	 K/min	 is	 standard	 for	 the	
determination	 of	 ��	(�)� 	 and	 this	 rate	 is	 far	 from	 the	 equilibrium	 temperature.	 To	
distinguish	between	the	two	modes	on	DSC,	I	want	to	name	the	method	to	determine	
the	heat	capacity	“dynamic	scanning	calorimetry”,	which	is	used	in	this	work.		
The	 determination	 of	 the	 heat	 capacity	 requires	 a	 base	 line-,	 a	 reference-,	 and	 a	
sample-experiment	 under	 identical	 measurement	 conditions.	 Hence,	 the	 heat	
dissipation	of	both	the	empty	crucible	and	sample	holder	set-up,	was	determined	as	
the	 base	 line	 background,	 DSCbgr	 (T).	 Since	 this	 background	 was	 also	 part	 of	 the	
reference	 and	 sample	 measurements,	 it	 had	 to	 be	 subtracted	 from	 them.	 As	 the	
reference,	 a	 sapphire	 sample	of	mass	 comparable	 to	 that	of	 lead	 titanate	was	used.	
With	the	known	heat	capacity	of	sapphire,	��	(�)� (ref),	the	following	equation	was	used	
to	calculate	the	heat	capacity	��	(�)� (sam)	of	the	sample.	

where:	m	-	mass,	ref	-	reference,	sam	-	sample,	bgr	–	base,	DSC	–	temperature	related	
heat	flux.	
The	sample	in	a	cylindrical	platinum	pans	with	a	mass	was	between	250	and	300	mg	
was	covered	with	a	 lid	(Fig.	3-5).	With	regard	 to	a	crucible	mass	of	about	1800	mg	
including	the	cover,	the	applied	sample	mass	has	given	a	sufficient	sample	to	crucible	
ratio	 to	 achieve	 high	 signal	 strength.	 The	 best	 shape	 of	 the	 base	 line	was	 obtained	
with	an	interlayer	of	0.1	mm	thick	sapphire	slides	between	pan	and	sample	holder	on	
both,	reference	and	sample	side.	Synthetic	dry	air,	only	with	0.21	bar	oxygen,	0.78	bar	
nitrogen	 and	 0.1	 bar	 argon	 was	 flowing	 with	 5	 ml	 min-1	 continuously	 over	 the	

��	(�)� (sam) = ø¬ùú
øûüý 	

(þ��ûüý�þ����¬)(�)
(þ��¬ùú�þ����¬)(�) 	��	(�)� (ref),	 (3-2)	
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measurement.	On	one	hand,	this	low	flow	rate	was	used	to	avoid	too	much	of	kinetics	
and	 to	 be	 closer	 to	 equilibrium	 state,	 and	 on	 the	 other	 hand	 to	 keep	 the	 standard	
pressure	at	1	bar	and	the	partial	pressure	of	O2	at	0.21	bar	constant.	I	did	not	use	air	
atmosphere,	since	it	is	know	that	moisture	is	reacting	with	oxide	samples	and	forms	
oxy-hydroxides,	which	are	more	volatile	than	oxides.	The	sample	would	continuously	
react	with	the	moisture	and	keep	going	on	slightly	changing	its	properties	with	each	
measurement.	A	sampling	rate	for	the	signal	was	800	points	per	minute	or	40	points	
K-1	at	a	heating	rate	of	20	K	min-1.		
Although	measurements	on	heating	and	cooling	should	result	in	the	same	value,	the	
heat	 capacity	 was	 conducted	 only	 on	 the	 heating	 cycle.	 Two	 main	 reasons	 have	
caused	us	to	do	this.	For	one	thing,	a	constant	cooling	rate	of	20	K	min-1	is	difficult	to	
achieve	 below	 200	 °C	 up	 to	 room	 temperature	 and	 for	 another	 thing,	 the	 “super-
cooling	 effect”	 produces	 a	 non-linear	 and	 undefined	 hysteresis.	 On	 cooling	 the	
sample,	 the	 heat	 content	 dissipation	 is	 opposed	 to	 the	 cooling	 rate	 and	 offsets	 the	
signal	unproportional	over	all	three	runs	of	one	experiment.		
The	 standard	 temperature	 program	 started	 from	 a	 stand-by	 temperature	 at	 30	 °C,	
followed	 by	 a	 heating	 segment	 of	 20	 K	 min-1	 up	 to	 end	 temperature.	 After	 the	
measurement,	the	temperature	was	set	to	an	end	stand-by	at	30	°C	without	switching	
off	the	furnace.	This	procedure	was	the	best	for	reproducible	results.	
Two	methods	of	 temperature	calibration	were	conducted.	One	calibration	was	with	
the	 heat	 capacity	 of	 sapphire	 and	 the	 other	 with	 known	 transitions	 of	 reference	
materials.	With	 respect	 to	non-metallic	 samples,	 I	 did	not	use	 the	melting	points	of	
metals,	but	 the	structure	changes	of	 the	 inorganic	compounds	SiO2	 (571	°C),	BaCO3	
(808	°C)	and	SrCO3	(928	°C).	The	temperature	deviation	was	in	mean	±1.5	K	.	
The	measurement	trueness	for	sapphire	was	better	than	0.8	%	and	the	measurement	
precision	 for	 the	 sample	 better	 than	 2%.	 Ten	measuring	 runs	 on	 the	 same	 sample	
were	made	 in	 order	 to	 check	 the	 systematic	 spread.	 It	was	 realized	 that	 the	 signal	
stability	 and	 repeatability	 increased	with	 each	 run,	 so	 that	 the	 last	 four	 runs	were	
used	for	the	��	(�)� 	determination.		
The	 heating	 element	 inside	 of	 the	 furnace	 is	 a	mesh	made	 of	 platinum-rhodium	 to	
produce	a	uniform	heating	zone	for	the	sample.	Three	runs	are	needed	to	deduce	the	
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3.4 ICP-OES Method 

Emission	spectroscopy	is	based	upon	the	line	spectra	produced	by	excited	atoms	and	
ions,	which	can	be	obtained	by	high	temperature	sources	(flames,	spark,	plasma,	laser	
and	 other).	 Plasma	 is	 a	 non-flame	 emission	 source,	 which	 is	 a	 gaseous	 electrical-
conductive	system	of	atoms,	molecules,	electrons	and	positive	and	negative	charged	
ions.	 The	 plasma	 (P)	 is	 generated	 by	 direct	 current	 arc	 (DCP),	microwave-induced	
(MIP)	or	inductively	coupled	(ICP).		
The	 ICP	 source,	 called	 a	 torch,	 consist	 of	 three	 concentrical	 quartz	 tubes	 through	
which	streams	of	argon	 flow	at	a	 total	 rate	of	about	14	 l/min.	The	 inner	 tube	 is	 for	
sample	transport	with	an	argon	flowing	rate	at	about	1	l/min.	Argon	for	maintaining	
the	plasma	flows	through	the	second	tube.	Large	amount	of	coolant	argon	of	about	10	
l/min	is	streaming	in	the	outer	tube	to	prevent	the	quartz	tube	melting.	Around	the	
top	of	 the	outer	 tube	 is	 a	water-cooled	 induction	coil	which	 is	powered	by	a	radio-
frequency	 generator	 with	 about	 40	 MHz.	 Argon	 ions	 and	 electrons,	 initiated	 by	 a	
spark	from	a	Tesla	coil,	are	accelerated	in	a	toroidal	electromagnetic	field	generated	
by	the	induction	coil.	Interactions	of	these	ions	and	electrons	with	the	gas	by	collision	
result	 in	 energy	 transfer	 and	heating	 the	 gas	 to	 temperatures	up	 to	10	000	K.	This	

Fig. 3-7: Heat flux (H) conditions and properties inside of the drop sensor 
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plasma	is	energetic	enough	to	obtain	high	concentrations	of	both	excited	atoms	and	
ions.	
The	sample	(about	1	ml/min)	is	carried	into	the	hot	plasma	through	the	center	glass	
tube	by	commonly	used	solution	nebulization	with	argon	as	carrier	gas.	Special	type	
of	nebulizers	 for	slurries	and	other	methods	 for	solid	samples	are	developed.	When	
the	sample	enters	the	plasma	from	nebulizer	in	the	form	of	a	very	fine	liquid	aerosol,	
it	will	undergo	different	stages	in	forming	and	exciting	atoms	which	will	reside	about	
2	ms	in	the	plasma.		
The	relatively	long	stay	and	high	temperature	involves	a	more	complete	atomization,	
less	 chemical	 interference	 and,	 even	 less	 ionization	 interference,	 but	more	 spectral	
interferences	than	in	combustion	flames.		
The	existence	of	the	excited	atoms	or	ions	is	terminated	by	emission	of	photons	with	
the	 energy	 difference	 ∆E	 =	 hν,	 which	 is	 equal	 to	 the	 energy	 gap	 between	 the	
quantized	 energy	 niveaus.	 Every	 element	 has	 characteristic	 emission	 energies	 and	
depending	on	the	task,	they	can	be	used	for	qualitative	or	quantitative	purpose.		
The	 number	 of	 possible	 transitions	 for	 emission	 is	 in	 general	 quite	 complex.	 In	
principle	every	with	 ICP	excitable	energy	gap	between	 the	quantized	energy	 levels,	
that	means	certain	energy	levels	with	well	defined	energies,	will	give	a	characteristic	
emission	 line	which	 is	 equal	 to	 the	∆Egap=	hν	 of	 this	 gap	 (h=	Planck	 constant,	ν	=	
wavelength).	
Selection	 and	 separation	 of	 spectral	 lines	 of	 interest	 from	 the	 complex	 transition	
possibilities	can	be	done	by	a	mono-chromator	(prism	or	gratings).	Photon	sensitive	
detectors	(photo	multiplier)	amplify	the	collected	energy	quant	with	the	consequence	
of	higher	signal	strength	for	further	use	in	a	registration	unit.	
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3.5 ICP-MS Method 

This	method	has	the	same	ICP	source,	called	torch,	regarding	the	sample	molecules.	
Instead	of	measuring	the	emission	spectra	of	the	exited	atoms,	molecules	and	ions,	a	
mass	 spectrometer	 is	 coupled	 close	 to	 the	 plasma	 torch.	 A	 fraction	 of	 the	 plasma	
passes	 from	 atmospheric	 pressure	 through	 a	 nozzle	 opening	 (≈	 1	 mm)	 in	 a	 pre-
vacuum	chamber	where	the	plasma	components	are	adiabatic	expanded.	
From	 there	 the	 plasma	 species	 enter	 the	 high	 vacuum	 chamber	 with	 the	 mass	
analyzer	 passing	 through	 a	 skimmer	 cone	 (≈0.1	 mm).	 The	 mass	 analyzer	 is	 a	
quadrupole	system	that	separates	the	 ion	masses	according	to	their	mass	to	charge	
ratio	(m/e).	Finally,	the	intensity	of	the	ions	are	counted	in	an	electron	multiplier.		
The	 unknown	 sample	 is	 analyzed	 and	 with	 use	 of	 a	 multi-element	 reference,	 the	
spectrum	is	compared	to	obtain	the	concentration	of	the	elements.		
	
A	collection	of	methods	and	instrumental	information	is	available	in	internet	at:	
www.fz-juelich.de/thermochemie 

  



4  		Studies on Lead Titanate	 43	

 

4 Studies on Lead Titanate 

4.1 Reference Lead Oxide 

4.1.1 Experimental Part for PbO 

4.1.1.1 Sample Yellow lead oxide as reference  

The	determination	of	 the	 activity	 of	 a	 compound	 is	 based	on	 the	 comparison	of	 its	
chemical	 potential	 in	 a	 sample	 and	 in	 its	 reference	 form.	 A	 low	 chemical	 potential	
stands	 for	a	high	stability.	The	ratio	of	 the	partial	pressures	of	 the	species	over	 the	
sample	and	of	the	same	species	over	the	pure	compound,	represent	the	activity	and	is	
a	measure	 for	 the	stability.	As	a	reference,	pure	yellow	lead	oxide,	PbO,	 from	Fluka,	
with	a	purity	≥	99.9	%	was	studies	and	compared	lead	titanate.	

4.1.1.2 Mass spectrometric measurement 

The	 vaporization	 studies	 of	 the	 PbO(c)	 and	 PbTiO3(c)	 were	 carried	 out	 at	 the	
Forschungszentum	 Jülich,	 by	 Knudsen	 effusion	 mass	 spectrometry	 with	 use	 of	 the	
MAT	271	type	instrument	supplied	by	Finnigan	MAT	of	Bremen,	Germany.		
The	vaporization	of	pure	PbO(c)	was	studied	at	temperatures,	covering	the	range	810	
–	1040	K.	The	amount	of	sample	ranged	from	50	to	80	mg.	
Five	 automatic	 runs	 on	 pure	 PbO(s)	 with	 8	 to	 12	 different	 temperatures	 were	
perform	 in	order	 to	understand	 the	 vapor	phase	 and	 to	establish	 a	 reference	 state.	
Between	two	temperatures,	with	steps	of	15	to	30	K	of	heating,	 the	waiting	time	to	
reach	the	thermodynamic	equilibrium	state	was	30	min.	Generally,	 the	temperature	
dependency	of	the	vapor	was	studied	on	increasing	the	temperature	from	low	to	high	
values.		
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4.2 Lead Titanate Crystal 

4.2.1 Experimental for PbTiO3 

4.2.1.1 Sample introduction and specification 

Lead	 titanate	 samples	 were	 grown	 by	 the	 flux	 method	 described	 by	Wojcik	 [146]	
from	a	0.62	PbO	–	0.11	TiO2	–	0.27	B2O3	melted	salt	solution	in	a	platinum	crucible	at	
1000	°C	(PbO,	Fluka,	purity	≥	99.9	%;	TiO2,	POCh,	purity	≥	99.9%;	B2O3,	Fluka,	purity	
≥	 99	 %).	 Exceptionally	 single	 crystals	 were	 used	 out	 of	 the	 same	 process	 of	
preparation	and	source	of	production.	Additional	 I	used	sintered	ceramic	grains	 for	
appraisal	the	vaporization	studies.	The	PbTiO3	crystals	show	transition	at	TC	=	763	K,	
from	 ferroelectric	 phase	 with	 tetragonal	 space	 group	 P4mm	 to	 paraelectric	 phase	
with	cubic	Pm3m	symmetry	as	described	by	Shirane	et	al.	 [6],	Maffei	et	al.	 [43]	and	
Kwapulinski	 et	 al.	 [8].	 Many	 articles	 have	 been	 already	 studied	 and	 published	
regarding	the	structure	and	electrical	properties	(Fontana	et	al.	[147],	Kupriyanov	et	
al.	[148],	Maffei	et	al.	[43],	Kwapulinski	et	al.	[8]).		
Complementary	studies	on	the	crystal	structure	and	composition	were	conducted	on	
the	 crystals	 grown	 by	Wojcik	 [146]	 and	 have	 been	 published	 in	 a	 separate	 paper	
(Leonarska	 et	 al.	 [149]).	 These	 recent	 studies	 on	 samples	 from	 the	 same	 source	
showed	 that	 the	 lattice	 parameters	 obtained	 for	 the	 single	 crystal	 are	 ap	 =	 bp	=	
3.8984(8)	 Å,	 cp	 =	 4.1525(9)	 Å	 and	 for	 the	 ceramics	 ap	=	 bp	=	 3.9227(2)	 Å,	 cp	 =	
4.1475(3)	Å	(p	for	pseudo-cubic).	It	occurred	that	the	lines	in	XRD	pattern	have	been	
indexed	 in	 accordance	 to	 the	P4mm	 symmetry	 and	were	 fitted	with	 almost	 a	 pure	
Lorentzian	profile.	Therefore,	one	can	conclude	that	the	level	of	a	disorder	is	 low	in	
the	“as	grown”	PbTiO3	crystal	samples	under	consideration.		
The	symmetry	remained	 intact	after	 the	heating	of	 the	crystal	powder	 in	air	during	
several	 hours.	 However,	 the	 heating	 of	 the	 samples	 resulted	 in	 a	 growing	 disorder	
since	 the	 line	has	been	profiled	with	 a	pseudo-Voight-type	 in	 this	 case.	 Such	 result	
remains	 consistent	 with	 the	 determined	 P4mm	 symmetry	 of	 the	 crystal	 lattice.	 In	
accordance	with	the	BEI	COMPO	test,	the	composition	of	the	studied	PbTiO3	crystals	
was	 stoichiometric	 within	 experimental	 accuracy	 e.g.	 the	 atomic	 ratio	 Pb/Ti	 =	
50.4/49.6	and	Pb/Ti	=	50.7/49.3	values	have	been	estimated	for	the	crystal	samples	
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(Leonarska	et	al.	[149]).	On	the	other	hand,	the	heating	of	the	PbTiO3	crystal	samples	
at	 lowered	 partial	 pressure	 of	 oxygen	 induced	 the	 formation	 of	 the	 Ruddlesden-
Popper	phases	in	the	surface	layer.	This	can	correspond	to	the	migration	the	Pb	ions	
and	PbO	complexes	described	by	Szot	et	al.	[150].	
The	PbTiO3	 crystals,	obtained	from	the	same	growth,	 i.e.	produced	by	Wojcik	[146],	
were	also	studied	by	X-ray	photoelectron	spectroscopy	(Pilch	et	al.	[140]).	It	has	been	
shown	that	the	24-aged	crystals	show	local	disorder,	related	to	the	occurrence	of	the	
defects	 that	corresponds	to	the	results	obtained	with	the	XRD	test	(Leonarska	et	al.	
[149])	
In	 case	 of	 PbTiO3	 crystals,	 which	 have	 been	 grown	 from	 melted	 salts	 solution,	
occurrence	of	defect	has	been	unavoidable.	It	has	been	known	from	the	photo-current	
spectra	 analysis	 (Wojcik,	 [146,	 151])	 that	 the	 concentration	 of the	 hydrogen-	 like	
centers	 does	 not	 exceed	 0.1%	 at.	 Consecutively,	 the	 deduced	 level	 of	 the	 defect	
concentration	would	be	of	the	order	of	1018	cm-3.	As	a	rule,	perovskite	bulk	structure	
contain	point	defects	as	well	as	extended	defects	such	as	dislocations,	shear	planes,	
and	 stacking	 faults	 (Prisedsky	 et	 al.	 [152]).	 The	 extended	 defects	 may	 provide	
diffusion	paths	for	migration	of	the	host	ions	toward	the	surface.	
The	 as-grown	 and	 aged	 for	 24	 years	 crystals	were	 uniform	 in	 terms	 of	 the	 Pb	 ion	
valence.	 On	 the	 other	 hand,	 the	 possibility	 of	 strains	 related	 to	 defects	 have	 been	
deduced	 from	 the	 broadened	 lines	 (FWHM	 ≈	 2	 eV).	 Moreover, minor	 intensity	 of	
second	doublets,	shifted	towards	lower	binding	energy,	were	distinguished	by	a	split	
analysis.	Such	effects	have	been	assigned	to	the	characteristics	of	lower	valence	states	
of	 the	titanium	ions	(Ti3+,	Ti2+),	 the	occurrence	of	oxygen	vacancies,	and	of	Pb	 ions	
and	their	precipitation.	Their	relative	contributions	changed	after	the	crystal	samples	
were	 heated	 in	 ambient	 air,	 at	 720	 K	 and	 820	 K,	 i.e.	 below	 and	 above	 the	 phase	
transition	temperature.	Hence,	the	detected	changes	in	the	photoelectron	spectra	can	
be	assigned	to	the	migration	of	the	ions	within	the	PbTiO3	samples	(Pilch	et	al.	[140]).	
The	 PbTiO3	 crystals	 under	 consideration	 showed	 semiconductor	 features.	 The	
dispersion	or	 relaxation	dependencies,	which	occurred	both	 in	electric	 conductivity	
and	permittivity,	has	been	related	to	losses,	which	originate	from	a	defect	subsystem.	
Analysis	of	the	relaxation	process	has	suggested	a	polaron-type	mechanism	of	electric	
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conduction.	The	rejuvenation	procedure,	conducted	in	the	ferroelectric	phase	at	720	
K	<	TC	 and	 in	 the	 paraelectric	 phase	 at	 820	K	>	TC,	 enabled	 defects	 by	 charges	 to	
detach	 from	 traps.	 It	 occurred	 that	 the	 samples	 annealed	 at	T	=	820	K	 exhibited	 a	
clearly	 resolved	 Curie–Weiss	 anomaly	 related	 to	 the	 ferro-paraelectric	 phase	
transition	(Pilch	et	al.	[140]).	Such	effect	confirmed	the	stability	of	the	crystal	lattice	
and	the	reproducibility	of	ferroelectric	order	below	TC.	It	has	been	deduced	that	the	
hetero-valent	defect	has	 influenced	 the	electrical	 response	of	 the	 samples	 since	 the	
migration	 of	 defects	 was	 induced	 by	 electric	 fields,	 originated	 from	 ferroelectric	
domain	wall	pattern.	However,	the	annealing	conducted	at	high	temperature	enabled	
the	partial	redistribution	of	defects.	One	can	assume	that	the	migration	occurs	along	
the	 extended	 defects	 and	 this	 local	 process	 does	 not	 destroy	 the	 general/overall	
stability	of	the	PbTiO3	crystal	lattice.	
The	 content	 of	 impurities	 has	 been	 conducted	 by	 a	 trace	 analysis	with	 Inductively	
Coupled	Plasma	Mass	Spectrometry	(ICP-MS)	(Table	4-1).	Traces	of	many	elements	
are	below	1	ppm-wt	and	the	highest	concentration	is	of	300	ppm-wt	(0.03	wt%).	The	
occurrence	 of	 these	 impurities	 originate	 from	 chemicals	 used	 in	 the	 growth	
technology	[146,	151].	
The	influence	of	the	contaminations	on	the	structure	and	electrical	properties	in	the	
condensed	 phase	 is	 given	 and	 not	 contradictable,	 since	 the	 species	 are	 always	 in	
contact	with	others.		
The	 quality	 of	 the	 crystals	 is	 very	 high	 in	 terms	 of	 the	 vaporization	 studies.	 My	
Knudsen	mass	spectrometer	has	a	detection	limit	about	ppa-mol	(10-18	mol)	and	this	
enables	 to	 detect	 any	 of	 the	 trace	 elements	 given	 in	 Table	 4-1.	 As	 long	 as	 these	
elements	 are	 not	 involved	 in	 vapor	 phase	 reactions,	 they	 will	 not	 disturb	 the	
equilibrium	constant.	Under	Knudsen	conditions,	all	gas	species	behave	perfect.	If	the	
trace	elements	were	 involved	 in	 condensed	phase	processes,	which	will	 change	 the	
vaporization	behavior,	than	they	would	have	been	found	as	ions	and	detected	in	the	
mass	spectrum	related	to	the	mass	to	charge	ratio	(see	Chapter	3).	 	
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Table 4-1: Trace element analysis of PbTiO3 sample by ICP-MS. The concentration is given in ppm-wt. The 
standard error is 3% 

Be Na Mg Al P K Sc Cr Mn Fe Ni Ga 

< 1.5  38 ± 3 < 13  < 300   < 31   < 300   < 40   < 23   < 2.5   < 136   < 6   < 3.5  

Ge As Se Rb Sr Y Nb Mo Ru Cd In Sn 

 < 2.1   < 110   < 2.8   < 0.3   < 0.4   <1  34.8±3 0.8±0.1  < 0.11  < 0.27  < 0.2 2.6±0.1 

Sb Te Cs Ba Pr Nd Sm Eu Gd Tb Dy Ho 

0.6±0.1  < 0.2  < 0.1 5.6±0.1  < 0.1  < 0.1  < 0.1  < 0.1 1.5±0.2  < 0.1  < 0.1  < 0.1 

Er Tm Yb Lu Ta W Re Ir Hg Tl Th U 

 < 0.1  < 0.1  < 0.1  < 0.1  < 7  26±2  < 0.1  < 1.2  < 1.2  0.14  < 0.1  < 0.1 

 

4.2.1.2 Mass spectrometric measurement PbTiO3 

The	 vaporization	 studies	 of	 the	 PbTiO3(c)	 were	 carried	 out	 at	 Forschungszentum	
Jülich,	 by	 Knudsen	 effusion	 mass	 spectrometry	 with	 use	 of	 the	 MAT	 271	 type	
instrument	supplied	by	Finnigan	MAT,	Bremen,	Germany.		
The	identical	procedure	as	described	under	studies	of	PbO(c),	applied	on	eight	runs	
on	 PbTiO3(c)	 samples	 allowed	 a	 direct	 comparison	 of	 the	 mass	 spectra.	 The	
temperature	range	of	the	vaporization	measurements	under	Knudsen	condition	was	
between	 950	 and	 1210	 K.	 Between	 two	 temperatures,	 with	 steps	 of	 15	 to	 30	 K	 of	
heating,	the	waiting	time	to	reach	the	thermodynamic	equilibrium	state	was	30	min.		
The	calibration	of	the	Knudsen	cell	-	mass	spectrometer	system	was	performed	by	the	
vaporization	of	pure	silver	(see	details	in	Results,	section	4.3	Partial	pressures).	
 

4.2.1.3 Dynamic scanning calorimeter measurements 

Measurements	to	determine	the	energy	transfer,	required	to	change	the	temperature	
of	 a	 substance	 dynamically	 over	 a	 range	 of	 interest,	 was	 conducted	 with	 a	
commercially	available	 instrument	Netzsch	GmbH,	Selb/Bavaria	of	Type	DSC	404	C.	
Three	 runs	 under	 identical	 measurement	 conditions	 comprehending	 a	 base	 line,	
reference,	 and	 sample	 measurement	 are	 needed	 to	 achieve	 the	 data	 for	 the	 heat	
capacity.	The	heat	dissipation	of	both,	the	empty	crucible	and	sample	holder	set-up,	is	
determined	 as	 the	 base	 line	 background	 (DSCbgr(T)).	 Since	 this	 background	 is	 also	
part	in	the	reference	and	sample	measurement,	it	has	to	be	subtracted	from	those.	As	
reference,	 sapphire	 sample	 slides	with	 a	 comparable	mass	 like	 that	of	 lead	 titanate	
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crystal	 (≈	 100	 mg)	 were	 applied.	 With	 its	 certified	 heat	 capacity	 of	 sapphire,	
��	(�)� (���),	the	equation	(3-2)	was	used	to	calculate	the	heat	capacity	�|	(�)� (¼·�)	of	
the	sample.	
Ten	 measuring	 runs	 on	 the	 same	 sample	 were	 repeated	 in	 the	 aim	 to	 check	 the	
systematical	spread.	 It	was	seen	that	 the	signal	stability	and	repeatability	 increased	
with	each	run	and	therefore	the	last	four	runs	for	the	Cp	determination	were	selected.		
 

4.2.1.4 Drop calorimeter measurements on PbTiO3 

The	 enthalpy	 change	 (���	–	H
��� )	 of	 PbTiO3(c),	 between	 selected	 temperature	
differences,	was	achieved	with	a	quasi-adiabatic	high	temperature	drop	calorimeter.	
It	was	an	inverse	calorimeter	with	a	TIAN-CALVET	head	based	type	SETARAM,	model	
mHTC	96.	Pieces	of	sample	and	of	the	reference	sapphire	with	a	similar	mass	of	about	
30	 -	 90	mg	were	 dropped	 alternately	 from	 room	 temperature	 to	 the	 hot	 zone	 in	 a	
furnace	with	constant	temperature.	The	dimension	of	the	furnace	was	huge	enough	to	
produce	a	large	homogeneous	temperature	zone	that	was	very	stable	and	was	not	be	
influenced	by	 small	 samples.	On	 the	other	 side,	 the	 sensor	was	 sensitive	enough	 to	
acquire	the	heat-flux	related	to	the	sample.	The	heat-flux	H298	-	HT	=	-(HT – H298)	was	
detected	by	34	thermocouple,	surrounding	the	sample.	After	dropping	the	sample	and	
after	 attaining	 a	 constant	 heat-flux	 signal,	 sapphire	 was	 drop	 as	 the	 reference	 to	
calibrate	the	system.	The	procedure	of	dropping	a	sample	and	a	reference	probe	was	
repeated	four	times.	Mass-normalized	peak	areas	from	heat-flux	signals	for	sapphire	
and	 for	 PbTiO3(c),	 respectively,	 were	 compared	 at	 the	 same	 temperature	 to	
determine	 the	enthalpy	 increment	 (HT	 –	H298).	Drop	 temperatures	were	 selected	 in	
the	 sense	 to	 comprehend	 the	 range	 of	 the	 para-electric	 phase	 transition	 of	 lead	
titanate	at	490	°C.	
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4.3 Results for Lead Oxide and Lead Titanate 

4.3.1 Vaporization studies common background 

All	materials	vaporize	and,	under	equilibrium	conditions,	 the	gaseous	phase	defines	
the	thermodynamic	state	of	the	system.	The	chemical	structures	and	compositions	of	
the	 vapor	 phase	 species	 can	 be	 different	 from	 that	 of	 the	 condensed	 phase.	 Mass	
spectrometry	is	the	most	versatile	method	for	the	analysis	of	such	vapors	because	it	
enables	 the	 identification	 of	 the	 species	 present	 in	 the	 gaseous	 phase	 and	 the	
determination	 of	 their	 partial	 pressures.	 If	 the	 vapors	 are	 generated	 under	
equilibrium	 conditions,	 thermodynamic	 data	 can	 be	 evaluated	 from	 the	 partial	
pressures	and	the	temperatures.	
Vaporization	 of	 the	 solid	 PbTiO3(c)	 was	 studied	 by	 Knudsen	 effusion	 mass	
spectrometry	 in	 the	 temperature	 range	 950	 -	 1210	 K.	 The	 vaporization	 of	 pure	
PbO(c)	was	 studied	 at	 lower	 temperatures,	 covering	 the	 range	 810	–	1040	K.	Both	
systems	were	measured	under	the	same	conditions	concerning	Knudsen	cell,	effusion	
orifice	and	instrument	set-up.	The	amount	of	sample	ranged	from	50	to	80	mg.	
The	standard	accelerating	voltage	to	boost	up	the	kinetic	energy	of	the	ions	was	8	kV	
in	all	measurements.	At	the	beginning	of	the	vaporization	studies,	the	composition	of	
the	vapor	phase	was	extensive	analyzed	at	an	electron	ionization	energy	of	70	eV	.	For	
molecular	masses	higher	than	500	mass	units,	the	accelerating	voltage	was	stepwise	
reduced	and	the	mass	spectrum	recorded.	Only	Pb+,	PbO+	and	O2+	ions	produced	by	
electron	 impact	 of	 the	 molecules	 in	 the	 vapor	 over	 PbO(c)	 and	 PbTiO3(c)	 were	
detected	in	the	mass	spectra.	The	ions	originated	from	the	species	Pb(g),	PbO(g)	and	
O2(g)	in	accordance	with	eqs.	(4-1)	and	(4-2)	for	PbO(c),	and	eqs.	(4-3)	and	(4-4)	for	
PbTiO3(c).	 Reactions	 (4-1)	 and	 (4-2)	 showed	 congruent,	 and	 (4-3)	 and	 (4-4)	
incongruent	vaporization.	The	reasons	and	decisions	about	the	origin	of	the	ions	and	
their	precursors	are	described	in	chapter	4:	“Discussion”.	

PbO(c)	⇔	PbO(g)	 (4-1)	

PbO(c)	⇔	Pb(g)	+	0.5	O2(g)	 (4-2)	
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The	equilibrium	constants	for	the	above	given	vaporization	reactions	are:		

 

In	all	equations	(4-6)	to	(4-10),	p°	=	105	Pa.	The	activity	aPbO(c)	in	equations	(4-6)	
and	(4-7)	is	equal	to	1,	and	so	are	aTiO2(c)	and	aPbTiO3(c)	in	eq.	(4-8)	and	(4-9).		
The	ion	intensity	ratio,	 �Òó�Ò�ó	was,	neither	constant	in	the	vapor	over	PbO(c)	nor	over	
PbTiO3(c)	 and	 the	 product	 of	 their	 ion	 intensities	 with	 the	 temperature	 was	
temperature-dependent.	Therefore,	it	was	suggested	that	the	Pb+	ion	had	a	least	one	
or	even	two	different	molecule	origins.	Additional	arguments	are	given	in	chapter	4,	
“Discussion”,	section	4.1	Vaporization	of	pure	PbO.		
Ions	of	 titanium	and	 trace	 element	 containing	 gas	 species	were	not	detected	 in	 the	
temperature	 range	 in	 which	 lead	 titanate	 samples	 were	 studied.	 Also,	 polymeric	

PbTiO3(c)	⇔	PbO(g)	+	TiO2(c)	 (4-3)	

PbTiO3(c)	⇔	Pb(g)	+	0.5	O2(g)	+	TiO2(c)		 (4-4)	

PbO(g)	⇔	Pb(g)	+	0.5	O2(g)	 (4-5)	

	K�(4	1) = 	�PbO(g)p� 	 1
aPbO(c)	 (4-6)	

K�(4	2) = 	�Pb(g)	p� ��O
(g)p�
	 	 1

aPbO(c)	 (4-7)	

K�(4	3) = 	�PbO(g)p� 	 		aTiO
(c)	aPbTiO�(c)	 (4-8)	

K�(4	4) = 	�Pb(g)p�	 	��O
(g)p�
	 	 		aTiO
(c)		aPbTiO�(c)	 (4-9)	

K�(4	5) = 	�Pb(g)p�	 	��O
(g)p�
	 	 		1	

	�PbO(g)	 (4-10)	
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molecules	of	type	(PbO)n,	as	noted	in	references	Popovic	et	al.	[25,	26],	Kazenas	[29],	
Drowart	[31],	Knacke	et	al.	 [34]	could	neither	be	seen	over	PbO	nor	over	PbTiO3	 in	
this	 temperature	 range.	 A	 very	 small	 signal	 of	 PbO2+,	 detected	 in	 both	 systems	
beyond	 the	 highest	 temperature	 of	 my	 studies	 (1210	 and	 1040	 K),	 indicated	 a	
probable	 existence	 of	 the	 dimer	 Pb2O2(g).	 Beyond	 this	 temperature,	 however,	 the	
total	vapor	pressure	exceeded	the	upper	frame	of	Knudsen	conditions	(pressure	>	10	
Pa),	 and	 the	 equilibrium	 state	 between	 solid	 and	 vapor	 phase	 would	 have	 been	
vanished,	which	is	insufficient	for	thermodynamic	data	determination.	
 

4.3.2 Partial pressures determination 

The	partial	 pressures	p(i)	 of	 species	 i	 at	 the	 temperature	T	 over	 the	 samples	were	
obtained	from	the	eq.	(4-11),		

 

where	k	is	the	pressure	calibration	factor	and	ΣI(i)	is	the	sum	of	the	intensities	of	the	
ions	 originating	 from	 the	 same	neutral	 precursor	 i,	 and	σ(i)	 is	 the	 ionization	 cross	
section	 of	 the	 species	 (i).	 η(i)	 represents	 the	 isotopic	 abundance	 and	 γ(i)	 the	
multiplier	 factor	 of	 species	 (i)	 that	 describes	 a	 mass-	 and	 molecule	 structure-
dependent	value	of	secondary	electron	emission	from	the	first	dynode	of	a	multiplier.	
The	 value	 for	 the	mass	 discrimination	 γ(i)	 =	 1,	 since	 I	 was	 using	 an	 ion	 counting	
system	in	my	KEMS.	The	ionization	cross	sections	used	in	my	pressure	determination	
for	 the	 gaseous	 species	σ(Pb)	 =	 7.64,	σ(O2)	 =	 2.5,	 and	σ(PbO)	 =	 9.06,	 are	 mean	
values	reported	by	Mann	[153]	and	Deutsch	et	al.	[154,	155]	at	an	ionization	energy	
of	70	eV.	The	pressure	calibration	factor	k	was	determined	from	measurements	using	
silver	as	reference	in	the	vaporization	studies	in	the	temperature	range	from	990	to	
1200	 K,	 using	 the	 same	 Knudsen	 cell	 as	 in	 the	 studies	 conducted	 for	 the	 oxide	
samples.	To	avoid	an	alloying	of	Ag	with	Ir,	I	used	an	Al2O3	inline	crucible.		
Related	to	eq.	(4-11),	the	pressure	of	silver	is	proportional	to	the	product	of	silver	ion	
intensity	absolute	temperature,	p(Ag)	~	I(Ag+)	∙T.	The	Arrhenius	plot	of	the	natural	

��	(�) = k	 	∑ ��	 {η� 	γ�	σ� 	 (4-11)	
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logarithm	 of	 this	 product	 (ln	 (I(Ag+)	 ∙T))	 versus	 the	 reciprocal	 of	 the	 absolute	
temperature	 (1/T)	 is	 a	 linear	 function	with	 the	 slope	 representing	 the	 enthalpy	 of	
sublimation	(called	2nd	law	determination,	eq.	(3-1).	
The	mean	 value	 for	 the	 sublimation	 enthalpy	 of	 silver	 according	 to	 the	 2nd	 law	 of	
thermodynamics	 deduced	 from	 three	 silver	 measurements	 was	 nearly	 perfect,	
ΔÐÑÒH����	×� 	=	282.1	kJ	mol-1,	at	the	mean	temperature	of	1080	K.	To	reach	a	perfect	
agreement	 with	 the	 literature	 value	 reported	 in	 IVTANTHERMO	 thermodynamic	
database	[14]	of		279.1	kJ	mol-1,	the	measured	temperature	Tmeas	was	corrected	with	
the	 linear	 function	Tcorr	 (K)	=	Tmeas	 (K)	+	(9.5694	10-3	Tmeas	 /K	 -	9.5024)	 (K).	This	
correction	of	about	2	K	was	later	also	used	for	the	vaporization	studies	on	lead	oxide	
and	 lead	 titanate.	 The	 reference	 pressure	 for	 silver	 (pAg���	 in	 eq.	 (4-12)	 was	
calculated	 from	 the	 equilibrium	constant	Kp	=	�(~ò)		�¥ 	 taken	 from	 the	 same	database	
[14].		
Integrating	 pAgLit(1090K)	 =	 4.93	 10-3	 Pa,	 η(Ag)	 =	 0.518,	 σ(Ag)	 =	 4.094,	 ∑ I(�)	T =
10Ö	mV	K,	and	γ(Ag)	=1,	the	resulting	calibration	factor	k	is	given	by		

Eqs.	(4-1	and	(4-2)	represent	congruent	vaporization	of	PbO(c),	while	eqs.	(4-3)	and	
(4-4)	represent	incongruent	vaporization	of	PbTiO3(c),	but	it	was	assumed	that	they	
are	 congruent	 with	 respect	 to	 the	 component	 PbO	 based	 on	 the	 evidence	 that	 the	
vaporization	 proceeds	 along	 the	 PbO-TiO2	 binary	 line	 (that	 is,	 the	 vaporization	
producing	 TiO2	 as	 the	 second	 phase).	 Accordingly,	 the	 ratio	 [n(Pb)/n(O2)]	 in	 the	
effusate	 is	 2.	 By	 employing	 the	 basic	 Knudsen	 effusion	 equation	 (2-34),	 this	
assumption	 translates	 to	 [p(Pb)/p(O2)]	 inside	 the	 Knudsen	 cell	 =	 2	
[M(Pb)/M(O2)]0.5.	Concerning	this,	the	partial	pressure	of	O2	follows	the	relation	

k = |~ò�¤�(�¥±¥	�)	η	ð	Í
∑ �(�)	� 	=	(1.0469	±	0.8)	10-7	Pa	mV-1	K-1	 (4-12)	

�(O
) = 1
2	�M(O
)M(Pb) 	�(Pb) = 	0.197	�(Pb)	 (4-13)	
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The	partial	pressures	of	Pb(g),	PbO(g)	and	O2(g)	over	PbO(c)	are	shown	in	Fig.	4-1	
and	over	PbTiO3(c)	in	(Fig.	4-2)	and	their	numerical	functions	in	Table	4-2.	
From	 the	partial	pressures	evaluated	using	eqs.	 (4-11),	 (4-12)	and	 (4-13)	with	 the	
ion	intensity	at	the	measured	temperature,	the	corresponding	equilibrium	constants	
for	reactions	(4-1)	to	(4-4)	were	determined.		
The	 equilibrium	 constant	 for	 reaction	 in	 eq.	 (4-2)	 and	 (4-4)	 was	 reorganized	 by	
replacing	 the	 partial	 pressure	 for	 O2,	 p(O2)	 with	 eq.	 (4-13)	 to	 get	 an	 oxygen	
independent	relation	for	Kp(4-2)	=	Kp(4-4)	=	0.4433	¿®|(�Ò)|¥ ³	�	 .	
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Fig. 4-1: Partial pressures of Pb(g), PbO(g) and O2(g) over PbO(c) 

Fig. 4-2: Partial pressures of Pb(g), PbO(g) and O2(g) over PbTiO3(c)	
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The	general	 form	 to	 calculate	 the	2nd	 law	enthalpy	of	 a	 reaction	 in	 the	gas	phase	 is	
given	 by	 the	 natural	 logarithm	 of	 the	 equilibrium	 constant,	 Kp(i),	 of	 the	 desired	
reaction	versus	the	inverse	absolute	temperature	(1/T)	with:	

 

The	slope	of	the	linear	function	in	eq.	(4-14)	multiplied	by	the	gas	constant,	R	=	8.314	
kJ	 mol-1	 gives	 the	 enthalpy	 of	 the	 reaction	 at	 the	 mean	 temperature	 of	 the	
measurement	under	consideration.	
 

In	case	of	a	simple	reaction	A(c)	⇔	A(g),	like	the	reaction	in	eq.	(4-1),	the	equilibrium	
constant	is	equal	to	the	pressure	of	A(g).	The	slope	of	the	Arrhenius	plot	multiplied	
with	the	gas	constant	R	is	equal	to	the	heat	of	sublimation,	∆ÐÑÒ���(A).		
Fig.	4-3	exemplifies	 the	equilibrium	constants,	Kp(4-1),	Kp(4-2)	and	Kp(4-5)	 for	 the	
vaporization	reactions	over	PbO(c)	as	a	function	of	the	inverse	absolute	temperature	
1/T	of	vapor	species	obtained	in	the	last	3	run	of	a	measurement	series.	And	so	does	
Fig.	 4-4	 for	 the	 constants	 Kp(4-3),	 Kp(4-4)	 and	Kp(4-5)	 for	 the	 gas	 phase	 reactions	
over	PbTiO3(c).		
Table	4-2	is	a	collection	of	mathematical	functions	for	the	equilibrium	constants	and	
partial	pressures	over	lead	oxide	and	lead	titanate.	
 	

ln( K�(�)) = 	−	∆«���(�)
R	 	1{ +	

∆«���
R 	 (4-14)	

∆«���(�)		= −	R	 Æ ñÉ(��(�))
Æ	� �ô 	 (4-15)	
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Fig. 4-4: Equilibrium constants Kp over PbTiO3(c) as a function of the reciprocal absolute temperature 

1/T for reactions given inside of the frame of the figure. Vapor pressure in atm. 

Fig. 4-3: Equilibrium constants Kp over PbO(c) as a function of the reciprocal absolute temperature 

1/T for reactions given inside of the frame of the figure. Vapor pressure in atm. 
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4.3.3 Thermodynamic activities of PbO and Pb in lead titanate 

The	mass	spectra	data	of	PbO	and	PbTiO3	 in	the	common	temperature	range	(950	–	
1100	 K)	 for	 both	 studies	 under	 consideration,	 allowed	 determination	 the	
thermodynamic	activities	of	lead	and	lead	oxide	in	lead	titanate	with	equation	(4-16)	
and	(4-17),	respectively.	
Two	 independent	equilibria,	given	 in	 the	chemical	 reactions	of	eqs.	 (4-3)	and	(4-4)	
allowed	 the	 evaluation	 of	 thermodynamic	 activities	 using	 eq.	 (4-16)	 for	 PbO(g).	
Under	the	assumption	of	a	constant	rate	of	2	for	the	ratio	[�(Pb) �(O
)⁄ ],	the	activity	
for	 Pb(g)	 can	 be	 calculated	 with	 equation	 (4-17)	 using	 the	 equilibrium	 constants	
Kp(4-3)	(eq.	(4-7))	and	Kp(4-4)	(eq.	(4-9)).		

 

 

The	ratio	of	the	partial	pressures	of	the	molecules	in	the	vapor	over	the	lead	titanate	
and	 over	 pure	 lead	 oxide	 are	 exponential	 functions	 in	 the	 temperature	 range	 from	
950	–	1100	K	(eqs.	(4-16),	(4-17)).	The	numerical	expressions	of	these	functions	for	
the	thermodynamic	activity	of	Pb	and	PbO	in	lead	titanate	are	(Table	4-2):		

 
 
 
 

a(T)(PbO)= p	PbO		(T)		PbTiO3

p	PbO		(T)		�Ò� 		
=
[I(PbOÛ)		]	PbTiO3({)
[I(PbOÛ)		]	PbO(T)				

	 (4-16)	

a(�)(Pb) = 		
�Pb(�)�Ò����	¿�O
	(�)		�Ò����	
�Pb	(�)�Ò� 		¿�O
	(�)			�Ò� = ��(5)	

��(3) =
�I(PbÛ)	�I(O
Û)				 	PbTiO3({)		
�I(PbÛ)	�I(O
Û)				 	PbO					({)					

	 (4-17)	

a(�)(Pb) = e�(�ÖÖÖ±���)		×�	��.���±�.��	 (4-18)	

a(�)(PbO) = e�(����±���)		×�	��.���±�.��	 (4-19)	
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Table 4-2: Equilibrium constants according to eqs. (4-6) to (4-9), partial pressure of Pb(g), O2(g), and 
PbO(g) in the vapor over pure PbO(c) and over pure PbTiO3(c), and the thermodynamic activities of Pb 
and PbO in PbTiO3 samples. Pressures are in Pa. 

 

4.3.4 Heat capacity at constant pressure (��	(�) ) 

A	 stepless	 increase	 in	 the	 heat	 capacity	 was	 found	 up	 to	 the	 structural	 and	 phase	
transition	at	Curie	temperature	Tc	=	763	K.	The	DSC	signal	remained	nearly	constant	
at	 high	 temperature	T	 >	Tc.	 The	 deviation	 in	 the	 best-fit	 curve	 for	 the	 polynomial	
function	was	<	±0.3	J	mol-1	K-1	and	the	standard	deviation	of	four	runs	was	±	2.1	J	
mol-1	K-1.	The	function	of	the	heat	capacity	of	PbTiO3	showed	a	λ	(lambda)	shape	that	
is	 typical	 for	 a	 higher-ordered	 transition	 concerning	 the	 former	 classification	
(Ehrenfest	[15],	Thorn	[156])	(Fig.	4-5).	More	details	in	chapter	4.4:	“Discussion”		
The	polynomial	coefficients	ci	(i	=	1,	2,	3,	4,	5)	for	the	function	of	the	heat	capacity	
were	 calculated	 following	 a	 standard	 mode	 given	 in	 IVTHANTHERMO	 [14],	
independently	for	low	and	high	temperature	ranges.		

Equilibrium 
constant 

Temperature 
range /K 

ln Kp = A 
0
�+ B -(�)= !("	0�	Û#) 

A B A B 

Kp(4-1) (eq. (4-6))  
810 - 1040 

-26679.3±   510 22.081± 0.6 0 0 

Kp(4-2) (eq. (4-7)) -37189.1± 2552 33.376± 2.7 0 0 

Kp(4-3) (eq. (4-8)) 
950 - 1210 

-30175.5± 1871 21.640± 1.7 -3003±382 -1.607± 0.14 

Kp(4-4) (eq. (4-9)) -40895.4± 1361 24.247± 1.3 -3555±435 -3.496± 0.22 

Molecule  

over (source) 
 

ln p /Pa = A 
0
� + B 

a 1000 K 
A B p(i)1000K /Pa 

PbO (PbO) 

810 - 1040 

-26679.3± 1871 22.081± 2.2 1.01 10-2 1 

Pb  (PbO) -24792.7± 2041 22.792± 2.0 1.35 10-1 
1 

O2  (PbO) -24792.3± 2045 21.167± 2.0 2.66 10-2 

PbO  (PbTiO3) 

950 - 1210 

-30339.9± 1908 21.789± 3.0 1.93 10-4 9.95±3.6 10-3 

Pb  (PbTiO3) -27263.6± 2275 20.549± 2.5 1.21 10-3 
8.67±2.9 10-4 

O2 (PbTiO3) -27263.6± 2275 18.924± 2.5 2.39 10-4 

��	(�)� = c1 + c2
x
 + c3 ∙ x + c4 ∙ x
 + c5 ∙ 	x�			with	x = 10��	{	 (4-20)	
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Table	 4-3	 shows	 the	 values	 of	 the	 coefficients	 for	 the	 two	 temperature	 ranges,	 i.e.	
below	and	above	the	ferroelectric-paraelectric	phase	transition,	respectively.	
The	heat	capacity	��	(�)� 	 values	were	calculated	using	 the	polynomial	eq.	(4-20)	and	
the	 coefficients	 ci	 (i	 =	 1,	 2,	 3,	 4,	 5)	 from	 Table	 4-3.	 A	 graph	 of	 the	 heat	 capacity	
function	is	shown	in	Fig.	4-5.		
Table 4-3: Polynomial coefficients for equation (4-20) to calculate the heat capacity (�$	(�) ) in J mol-1 K-1 

for temperatures between 298 - 763 K, and 763 - 1263 K 

Temp. Range /K c1 c2 c3 c4 c5 

298 -   763 310.4732 -4.04138·10-2 -8680.303 1.309519·105 -6.176693·105 

763 - 1263 123.0744 -6.010252·10-8 -231.4214 1.123474·103 -3.778493·10-3 

 

 

 

4.3.5 Heat content 	(#(�)-#($%&)), Enthalpy of transition ∆+)(#(%&'(),  
Entropy ∆)(�)  

The	 enthalpy	 increment	 can	 be	 derived	 from	 the	 heat	 capacity	 ���	 polynomial	 (eq.	
(4-20))	and	using	following	equation:		

Fig. 4-5: Heat capacity (��	(�)� ) of PbTiO3(c) between 298 and 1263 K calculated from own 

experimental DSC data with the module “Cp approximation” of IVTANTHERMO [14]. Red marks show 

the temperatures for the drop experiments (see below). 
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The	final	equation	is	deduced,	when	x	is	substituted	for	the	temperature	by	10-4	T/K	
(similar	to	equation	(4-25))	and	the	results	of	the	calculation	are	given	in	a	collection	
of	data	in	Table	4-6.	The	constant	F	in	eq.	(4-22)	and	Table	4-9	is	kH	in	eq.	(4-25).		
The	 enthalpy	 determination	 of	 the	 ferroelectric-paraelectric	 transition	 via	 the	 heat	
capacity	was	compared	with	the	results	from	the	drop	calorimeter.	PbTiO3(c)	pieces	
were	dropped	in	one	experiment	at	540	°C	(813	K),	i.e.	50	K	above	(right	dashed	red	
line	 in	 Fig.	 4-5),	 and	 in	 another	 experiment	 at	 488	 °C	 (761	K),	 just	 2	 K	 below	 the	
transition	temperature	(left	red	line	in	Fig.	4-5).	The	value	at	813	K	was	extrapolated	
downwards	 to	 the	 temperature	 of	 the	 phase	 change	 using	 the	 heat	 capacity	
determined	 by	 my	 DSC	 measurements.	 From	 the	 first	 drop	 experiment,	 the	 heat-
content	 from	room	 temperature	298	K	 to	813	K,	 ¨H���� 	–	H
��� ©	=	64.2	 kJ	mol-1,	 and	
from	 the	 second	 experiment	 the	 enthalpy	 increment	 (H���� 	–	H
��� )	=	 56.5	 kJ	mol-1	
were	deduced.		
The	 heat	 of	 the	 ferro-paraelectric	 transition	 was	 calculated	 from	 the	 difference	
between	the	heat-content	above,	∆H���	×ÕÒ*Ô÷	and	below,	∆H���	×Ò÷ñ*+,	the	phase	transition.	

With	equation	(4-20)	and	Table	4-3	

∆��� = ��� − �
��.�Ö� = § ��	(�)� 	d{
�


��.�Ö
	 (4-21)	

∆��� = §��	(,)� 	dx = ¸�- − ¸
- +	¸�-
2 + ¸�-�
3 + ¸Ö-�

4 + F	 (4-22)	

∆�«Ð����	� = [∆����	×ÕÒ*Ô÷] − [∆����	×Ò÷ñ*+]		
		= �¨#&.' 	–#$%& © − ¨#&.' 	–#%&' © 	– �¨#%&. 	–#$%& © + ¨#%&' 	–#%&. © 			 (4-23)	

¨#&.' 	–#$%& © = 64.2	kJ	mol��	 ¨#&.'	0 	–#%&'	0 © = Ú ��	(�)� dT���	×
���	× 			 =	5.6	kJ	mol-1	

and	 	 	
(#%&. 	–#$%& )	=	56.5	kJ	mol-1	 ¨#%&'	0 	–#%&.	0 © = Ú ��	(�)� dT���	×

���	× 		 =	0.26	kJ	mol-1	
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Both	C�	(�)� 	integrals	were	determined	with	the	coefficients	shown	in	Table	4-3	for	the	
polynomial	function	of	the	heat	capacity.	
The	heat-content	obtained	from	the	drop	calorimeter,	(H���� 	–	H
��� ),	minus	the	heat-
content	obtained	from	the	scanning	calorimeter,	¨H���	×� 	–	H���	×� ©,	gives	the	enthalpy	
increment	 above	 the	 ferro-paraelectric	 transition,	∆H���	×ÕÒ*Ô÷	=	 (64.2	 -	 5.6)	 kJ	mol-1	=	
58.6	kJ	mol-1.		
The	heat-content	below	 the	 ferro-paraelectric	 transition	 from	 the	drop	calorimeter,	
(H���� 	–	H
��� ),	 plus	 the	 heat-content	 obtained	 from	 the	 scanning	 calorimeter,	
¨H���	×� 	–	H���	×� ©,	 yielded	 the	 enthalpy	 increment	 below	 the	 transition,	 ∆H���	×Ò÷ñ*+		 =	
(56.5	+	0.26)	kJ	mol-1	=	56.8	kJ	mol-1.	From	direct	DSC	measurements,	this	value	was	
∆H���	×Ò÷ñ*+	=	53.2	kJ	mol-1.		
From	the	drop	calorimeter	measurements,	 the	enthalpy	of	 ferroelectric-paraelectric	
transition	was	∆�«Ð����	�� 	=	(1.74±0.08)	kJ	mol-1,	and	from	the	scanning	calorimeter	
via	 the	 heat	 capacity,	 the	 enthalpy	 was,	 ∆�«ÐH���	×� 	 =	 (2.11±0.05)	 kJ	 mol-1.	 The	
enthalpy	value	from	a	calibrated	DSC	signal	peak	yielded	(0.85±0.05)	kJ	mol-1.	Taking	
account	of	 the	 three	 independently	determined	values,	 the	enthalpy	of	 transition	 is	
very	little	and	their	arithmetic	mean	with	∆�«Ð����	�� 	=	(1.57±0.65)	kJ	mol-1	(0.314	kJ	
at-mol-1).	 Derived	 from	 this,	 the	 entropy	 of	 the	 transition,	 ∆trsS	 =	 ∆�¬û/01�	�	¥

���	× 		 =	
(2.1±0.9)	J	mol-1	K-1.		
The	transition	enthalpy	 for	 the	 ferro-paraelectric	phase	change	at	763	K	 is	not	zero	
and	 from	 this	point	 of	 view,	 and	 concerning	 the	 traditional	Ehrenfest	 classification,	
the	 transition	 should	 be	 of	 first	 order	 (Ehrenfest	 [15])	 (see	 chapter	 4.4	 for	 more	
details).	
The	determination	of	the	entropy	in	J	mol-1	K-1	followed	by	analogy	the	equation	for	
the	 heat	 capacity,	 eq.	 (4-20).	 Values	 determined	 with	 eq.	 (4-24)	 (below)	 for	 the	
entropy	are	given	in	Table	4-9.	

 

∆S��	 = S�� −	S
��.�Ö� = § C�	(�)�
T 	dT

�


��.�Ö
	 (4-24)	
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With	eq.	(4-20)	follows	(see	also	Table	4-9)	

By	substituting	x	=	10-4	T	and	reorganizing	the	integral,	the	equation	for	the	entropy	
is	described	by	following	formula	(4-26).	

 

The	constant	G	in	eq.	(4-25)	and	Table	4-9	is	kS	in	eq.	(2-26).		
 

4.3.6 Enthalpy of formation and reaction of solid Lead Titanate:  

theoretical calculation. 

The	heat	of	 reaction	and	 formation	 to	 synthesize	 lead	 titanate	 from	 the	 constituent	
oxides	can	be	determined	by	empirical	approaches	and	is	represented	by	

 

In	 total,	 it	 is	 the	 heat	 of	 formation	 (∆ÓH
��� 	)	of	 the	 oxides	 PbO(c)	 and	 TiO2(c)	
ascertained	from	the	elements	and	the	heat	of	reaction,	∆«H
��� 	,	 for	reaction	(4-28).	
Two	empirical	approaches	were	introduced.	

 

The	estimation	of	 the	standard	enthalpy	of	 reaction	∆«H
��� 	in	eq.	 (4-27)	 is	done	by	
Schwitzgebel’s	 rule	 [157]	 for	 double	 oxides	 (eq.	 (4-29)).	 Variables	
K	(Pb
Û)	and	A	(TiO�
�)		denote	stability	factors	for	the	cation	and	anion	in	the	double	
oxide.	 The	 exponent	 n(TiO�
�)		 is	 a	 characteristic	 parameter	 for	 the	 anion	 and	 the	
coefficient	b(TiO�
�)	represents	the	number	of	moles	of	this	anion.		

∆S��	 = § C�	(,)�
x 	dx

	

	
= ¸�	ln(|-|) − ¸


2-
 + ¸�	- + ¸�-

2 + ¸Ö-�

3 + G	 (4-25)	

∆S�� = c1	 ln {
(10�) −

c2
2 310�{
 4+ c3	 5 {

10�6+ c4
2 3 	{


2	10�4 + c5
3 3 {�

10�
4 + 	G	 (4-26)	

PbO(c)	+	TiO2(c)	⇒	PbTiO3(c)	 (4-27)	

∆ÓH
��� ¨PbTiO�(c)©
= ∆ÓH
��� ¨PbO(c)© + ∆ÓH
��� ¨TiO
(c)© + ∆«H
��� (Eq. (4-27))	 (4-28)	
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With	the	tabulated	values	from	Schwitzgebel	[157]	for	K	(Pb2+)	=	9.34,	A	(TiO�
�)	=	
5.13,	and	n(TiO�
�)		=	1.40,	the	heat	of	reaction	for	lead	titanate	was	calculated	to	be	
∆«�
��� = −31.3	kJ	mol��.		
Using	this	value	and	the	heat	of	formation	∆Ó�
��� 	for	PbO(c)	=	-219.4	kJ	mol-1,	and	for	
TiO2(c)	 =	 -944	 kJ	 mol-1	 taken	 from	 Landolt-Börnstein	 [158],	 the	 standard	 heat	 of	
formation	of	lead	titanate	was	found	to	be	∆Ó�
��� ¨PbTiO�(c)© = −1194.7	kJ	mol��.	
Another	 approach	 by	 Le	 Van	 [159]	 to	 calculate	 the	 standard	 heat	 of	 formation	 is	
based	on	the	additivity	of	bond	energies.	 It	 is	based	on	a	direct	determination	 from	
the	 characteristic	 parameters	 of	 the	 cation	 and	 anion	 in	 the	 oxide.	 The	 general	
formula	is		

 

where	 a	 =	 1	 and	b	 =	 1	 represent	 the	 number	 of	 anions	 and	 cations,	 respectively.	
Using	the	characteristic	parameters	from	Le	Van	[159]	for	TiO�
�	=	-795	kJ	mol-1	and	
Pb
Û	=	-352	kJ	mol-1,	the	standard	heat	of	formation	for	lead	titanate	yielded	∆Ó�
��� 	
(PbTiO3)	=	(-795)	+	(-352)	+	4.184	·	5	=	-1126.1	kJ	mol-1.	This	result	varies	widely	
from	Schwitzgebel’s	value.	Either	the	parameters	are	wrong,	or	the	molecule	stability	
is	more	complex	than	that	expressed	by	a	simple	addition	of	bond	energies.		
	

4.3.7 New Characteristic value for the Le Van approach 

Hence,	 considering	my	 experimental	 data	 (see	 below)	 and	 an	 empirical	 revision	 of	
literature	values	of	eleven	different	bivalent	titanates,	the	characteristic	value	for	the	
Anion	(TiO�
�)	should	be		-856	kJ	mol-1	instead	of	the	tabulated	value	of	-795	kJ	mol-1.	
With	the	new	characteristic	value,	the	heat	of	formation	would	be	∆Ó�
��� 	(PbTiO3(c))	
=	-1187.1	kJ	mol-1	(see	Table	4-4	below),	which	is	close	to	Schwitzgebel’s	value	and	
to	my	experimental	data.	It	was	seen	that	the	characteristic	value	for	the	anion	of	Ti-

∆«H
��� (PbTiO�) = −4.184		b(TiO�
�)	[K	(Pb
Û) − A	(TiO�
�	)]É(����°9)			 (4-29)	

∆Ó�
��� (PbTiO�) = a	(TiO�
�) 	+ b	(Pb
Û) + 4.184	(a
 + 4	b
)	 (4-30)	
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containing	perovskites	 are	 quite	 similar	 except	 that	 for	 PbTiO3	 (c).	 From	 the	 given	
data	 for	 the	 heat	 of	 formation	 and	 characteristic	 values	 of	 the	 cation,	 the	
characteristic	value	 for	 the	anion	was	 calculated.	With	a	 statistical	weighting	 factor	
for	the	calculated	value	of	each	perovskite	a	mean	value	was	found	for	the	tabulated	
wrong	 PbTiO3	 one.	 With	 this	 new	 empirical	 value,	 the	 heat	 of	 formation	 for	 lead	
titanate	is	close	to	my	experimental	value	(s.	next	Chapter	6.7)	
 

Table 4-4: Heat of formation ∆:#$%&  (Kubaschewski, [123]) and characteristic values for cations (Le Van, 
[159]) of bivalent titanates. The characteristic values for anions were calculated using eq. (4-29). Last line 
value of PbTiO3 is a weighted mean value of the other titanates in this table 

Compound ∆:#$%&  
Characteristic 
value cation 

Weighting factor 
Characteristic 
value anion 

CoTiO3 -1203 -343 2 -881 

MgTiO3 -1575 -741 3 -855 

NiTiO3 -1196 -331 2 -886 

ZnTiO3 -1297 -439 1 -879 

MnTiO3 -1359 -523 5 -857 

BaTiO3 -1660 -883 1 -798 

SrTiO3 -1675 -862 1 -834 

CaTiO3 -1666 -858 2 -829 

CdTiO3 -1190 -385 3 -826 

FeTiO3 -1235 -372 3 -884 

  
Weighted mean value for PbTiO3 -856 ± 25 

   
 

 

PbTiO3 -1188 -352  -856 

 

4.3.8 Enthalpy of formation and reaction of solid Lead Titanate:  

experimental approach 

Experimentally,	 the	 heat	 of	 reaction,	 ∆«�
��� 	 for	 PbTiO3(c)	 was	 determined	 using	
three	 different	 approaches,	 including	 vaporization	 and	 condensed-phase	 studies	 of	
the	reactions	(4-31)	and	(4-32).	
 

 

∆Ó���¨Pb(g)© + 0.5	∆Ó���¨O
(g)© + ∆Ó���¨TiO
(c)© + ∆«���¨PbTiO�(c)©	
	= ∆Ó���¨PbTiO�(c)©		

(4-31)	
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The	 heat	 of	 reaction,	 ∆«���(PbTiO�(c))	 was	 evaluated	 on	 the	 one	 hand	 from	 the	
partial	sublimation	enthalpies	of	Pb(g)	and	PbO(g),	determined	from	vaporization	of	
lead	 titanate,	 and	 on	 the	 other	 hand	 from	 activities	 of	 lead	 oxide	 and	 lead	 in	 lead	
titanate	deduced	from	equations	(4-16)	and	(4-17)	and	derived	from	partial	pressure	
data.	The	relation	for	this	calculation	with	i	=	Pb,	PbO	in	eq.	(4-33)	gives	the	reaction	
enthalpy	from	the	slope	of	the	function	ln(ai)	vs.	1/T		(see	ln(a(T))	of	eqs.	(4-18),	and	
(4-19)):	

 

The	third	approach	uses	the	heat	capacity	data	from	condensed	phase	studies	and	the	
equilibrium	 constants	 for	 reactions	 ((4-31),	 (4-32))	 to	 determine	 the	 sigma-plot	
functions.	For	more	about	this	approach	see	chapter	3.10,	Σ-plot	determination.		
The	data	 for	 the	heat	 of	 formation	 at	 temperature	T	 for	Pb(g),	TiO2(c)	 and	PbO(g)	
were	 taken	 from	 the	 database	 in	 [14].	 Table	 4-5	 summarizes	 measured	 data	 and	
calculated	results	for	the	heat	of	formation	and	reaction	of	lead	titanate.		
 	

∆Ó���¨PbO(g)© + ∆Ó���¨TiO
(c)© +	∆«���(PbTiO�(c)) = ∆Ó���¨PbTiO�(c)©	 (4-32)	

ln( ·�	) = 	−	∆«���(i)
R	 	1{ +	

∆«���
R 	 (4-33)	
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Table 4-5: Results for the heat of formation ∆∆∆∆fH(PbTiO3(c)) and the heat of reaction ∆∆∆∆rH(PbTiO3(c)) at 
298 K, and a comparison with available literature data. a) at 1068 K, b) at 1200 K. c) calculated from Gibbs 
energy reported by the authors and the entropy difference from my studies (∆∆∆∆S298 = -0.56 J mol-1 K-1). The 
measurement accuracy is noted in the text. Error estimation was attained calculating the square-root of 

the sum of the coefficients of determination σσσσmax = ¿∑;2$. Errors of literature values are in the cited 

articles. Tags in brackets (X-Y) are equation numbers. 

Source ∆fH(PbO(c)) ∆fH(TiO2(c)) ∆rH(PbTiO3(c)) ∆fH(PbTiO3(c)) 

Landolt-Börnstein [158] 
-219.4 

-944.0 

-31.40 -1194.8 

Kubaschewski [123] -31.30 -1194.7 

Mehrotra [51]  -31.13c)  

Shim [50]  -32.64c)  

Takayama-Muromachi [52]  -31.1a)  

Rane et al. [45] 

-219.0 

-36.74 -1199.7 

Popovic et al. [25] -59.1b) -1227.0 

(4-4) from sublimation enthalpy (Pb) -27.96± 4.0 -1189.0±4.2 

(4-3) from sublimation enthalpy (PbO) -28.85± 4.0 -1189.9±4.2 

(2-25) from Σ – Plot  (Pb) -24.67± 1.3 -1187.2±1.7 

(2-25) from Σ – Plot  (PbO)  -26.17± 1.4 -1189.2±1.8 

(4-33) from activity of Pb in PbTiO3(c)  -29.56± 0.9 -1192.6±1.4 

(4-33)  from activity of PbO in PbTiO3(c) -24.96± 0.9 -1188.0±1.4 

(4-29) From Schwitzgebels’ approach -31.31± 4.2 -1194.7±4.3 

(4-30) From corrected Le Van approach -24.08± 8.5 -1187.1±8.6 

 

Deduced	 from	 six	different	 and	 independent	experimental	 data,	 the	mean	value	 for	
the	enthalpy	of	 reaction	 (Eq.	 (4-27)),	∆«�
��� (PbTiO�(c))	=	−(26.4 ± 1.8)	 	kJ	mol��.	
From	 these	 six	 results,	 the	 calculated	mean	 value	 for	 the	 enthalpy	 of	 formation	 is	
∆Ó�
��� ¨PbTiO�(c)©	 =	 -(1189.38	±1.76)	kJ	mol��	 For	 further	 calculations,	 the	 mean	
values	of	the	experimental	data	and	the	above	empirically	deduced	values	were	used,	
∆Ó�
��� ¨PbTiO�(c)©	=	−(1190.4 ± 3.9)		kJ	mol��	(see	Table	4-6).		
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4.3.9 Entropy calculation of solid Lead Titanate 

The	 standard	 entropy	 �
��� 		 was	 obtained	with	 Latimer’s	 rule	 [125],	 since	 it	 is	 not	
known	 for	 lead	 titanate.	Latimer’s	approach	was	empirically	derived	 from	standard	
entropies	of	compounds	with	anionic	and	cationic	parts.	Grimvall	[160]	has	described	
a	theoretical	justification	for	Latimer’s	rule.	Mills	[161]	has	revised	the	data	and	they	
were	used	here	in	Latimer’s	additive	rule	in	the	following	form:	

 

with	 ni	 and	 nj	 number	 of	 mol	 for	 cationi	 and	 anionj,	 and	 (LatimerContribution)	
LCbCat�	plus	a	n-time	number	of	mol	contribution	for	the	anion	charge	äLCbAnæ(q).	
The	cation	charge	q	determines	a	value	for	the	anion	contribution	LCbAni.	In	the	case	
of	 lead	 titanate,	 the	 entropy	 expressed	 by	LCbPb2+	+	äLCbO2-(2+)	+	LCbTi4+	+	 2	
äLCbO2-(4+)	=	72.2	+2.9	+	39.3	+2	∙	3.2	gave	the	result	�
��	� =	120.8	J	mol-1K-1		
Additive	 entropy	data	 for	 cations	 and	 anions	 from	Stull	et	 al.	 [131]	with	 values	 for	
Pb2+	=	73.2	J	mol-1	K-1	and	TiO32-	=	47.7	J	mol-1	K-1	yielded	in	an	entropy	of	�
��	� 	=	
120.9	J	mol-1	K-1		
Another	 approach	 of	 Richter	 et	 al.	 [162]	 is	 based	 on	 a	 linear	 dependence	 of	 the	
entropy	on	the	radius	of	the	cation	and	on	a	function	of	the	cation	charge.	The	sum	of	
the	 ionic	 contribution	 (Richter	 Contribution)	 of	 RCb(Pb2+)	 =	 72.7	 kJ	 mol-1	 and	
RCb(TiO32-)	=	51.6	kJ	mol-1	yielded	in	an	entropy	value	of	�
��	� =	124.3	J	mol-1K-1	
For	my	further	calculation	the	arithmetic	mean	of	data	reported	by	Kubaschewski	et	
al.	[123]	(equal	to	Barin	et	al.	[163])	with	�
��	� =	111.92	J	mol-1K-1	and	the	empirically	
deduced	values	described	above	were	applied.	This	mean	value	is	�
��	� ¨PbTiO�(c)©		=	
(117.9±6.9)	J	mol-1K-1.	
  

�
��	� =	»n�LCbCat�
�,æ

+	næäLCbAnæ(q)	 (4-34)	
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Table 4-6: Heat capacity (�$	(<) ), and standard of the free energy function (=�	 =-(!�	 -#$%&	 )/T), entropy 

5�	 , enthalpy increment (heat increment (∆∆∆∆H
0
= #�	 -#$%&	 )), enthalpy ∆∆∆∆f#�	 , and Gibbs energy ∆∆∆∆f!�	 of 

formation of crystalline PbTiO3(c). Mathematical formula and parameters are listed in Table 4-9 

T �$	�  =�	  5�	  #�	 -#$%&	  ∆f#�	  ∆f!�	  

K J K-1 mol-1 J mol-1 

298.15 106.243 117.900 117.900 0 -1190400 -1225552 

300.00 106.339 119.902 118.558 197 -1190203 -1225771 

400.00 107.994 122.106 149.464 10943 -1179457 -1239242 

500.00 110.463 130.089 173.764 21838 -1168562 -1255444 

600.00 116.439 139.123 194.385 33157 -1157243 -1273874 

700.00 124.408 148.361 212.923 45193 -1145207 -1294253 

763.00 129.220 154.147 223.853 53186 -1137214 -1308014 

   2.053 1566 -1566  

763.00 111.957 154.147 225.906 54752 -1135648 -1308014 

800.00 111.751 157.589 231.202 58891 -1131509 -1316471 

900.00 111.347 166.513 244.339 70044 -1120356 -1340262 

1000.00 111.167 174.892 256.060 81167 -1109233 -1365292 

1100.00 111.212 182.760 266.655 92284 -1098116 -1391436 

1200.00 111.482 190.161 276.342 103417 -1086983 -1418593 

1263.00 111.767 194.603 282.053 110449 -1079951 -1436184 

	
4.3.10 Gibbs energy (∆!� ) 

A	system	 tends	 to	 reach	 the	most	 stable	existing	 form:	a	 state	where	nothing	more	
will	 happen.	 Under	 constant	 pressure,	 the	 change	 of	 the	 state	 can	 be	 generally	
described	 in	 terms	 of	 Gibbs	 [11]	 parameters	 with	 the	 standard	 (ideal)	 term	 ∆«���,	
excess	term	∆«��÷,,	magnetic	term	∆«��ø,	defect	term	∆«��Æ÷Ó,	and	further	terms	to	be	
“designated”	 for	 special	 properties,	 as	 in	 PbTiO3(c)	 the	 ferroelectric	 ∆«��>?,	 and	
ferroelastic	∆«��>?�	terms.	At	equilibrium,	the	thermodynamic	Gibbs	function	of	state	
(∆«��)	 is	 at	 its	 minimum	 and	 its	 changes	 reach	 zero.	 All	 non-ideal	 terms	 are	
imbedded	 in	 an	 equilibrium	 constant	K0	 (here	���	 for	 vapor	 pressures).	Hence,	 the	
Gibbs	energy	(IUPAG	“free	enthalpy”)	is	simplified	and	this	state	is	described	by	eqs.	
(2-1),	(2-2)	and	(2-3).	
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The	standard	free	enthalpy	(standard	Gibbs	energy)	can	be	written	in	different	forms	
and	one	important	thermodynamic	equations	is	eq.	(2-5):		
From	 the	 pressure	 equilibrium	 constants	 Kp(4)	 and	 Kp(5),	 described	 by	 eqs.	 (4-8)	
and	(4-9)),	the	standard	Gibbs	energy	for	the	partial	sublimation	reactions	for	Pb(g)	
and	PbO(g)	from	PbTiO3(c)	in	the	temperature	range	from	950	to	1210	K	are	found	
to	be		

 

The	Gibbs	energy	of	 the	sublimation	reactions	over	PbO(c)	 is	shown	in	Fig.	4-6	and	
over	PbTiO3(c)	in	Fig.	4-7.	Additionally,	the	Gibbs	energy	of	the	gas	phase	reaction	eq.	
(4-5)	is	plotted	in	both	figures.	
	
  

∆«��� = −R	{	lnK�� 	=	-(1.055±0.09)	10-1	T	+	(339.8±29.4)	kJ	mol-1		 (Pb)	 (4-35)	

∆«��� = −R	{	lnK�� 	=	-(8.392±0.46)	10-2	T	+	(252.1±13.8)	kJ	mol-1		 (Pb0)	 (4-36)	
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Fig. 4-7: Gibbs energy ∆G0
T = -RT ln(Kp) =  - ∆S0

(T) ∙ T + ∆H0
(T) over PbTiO3(c)  

Fig. 4-6: Gibbs energy ∆G0
T = -RT ln(Kp) =  - ∆S0

(T) ∙ T + ∆H0
(T) over PbO(c)).	
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4.3.11 Σ-plot determination 

Experimental	 results	 most	 widely	 deduced	 above	 room	 temperature	 have	 to	 be	
adapted	to	correlate	with	low	temperature	data.	Cubiccioti	[164]	and	Shomate	[165]	
have	 shown	 methods	 using	 algebraic	 equations	 derived	 from	 thermodynamic	
relations	and	 laws	 to	evaluate	and	correlate	 thermodynamic	data.	Combining	Gibbs	
energy,	enthalpy	and	entropy	terms	give	rise	to	the	so-called	Σ′-	and	Σ–plot	functions	
(eqs.	(2-21)	to	(2-26))	and	Chapter	2.1.3).		
The	additive	integration	constants	kH	and	kS	(see	Table	4-9,	constants	F	and	G,	eqs.	
(4-22),	 (4-25)	 are	 values	 of	 the	 enthalpy	 and	 entropy	 increment	 at	 298	K	 and	 the	
slope	and	intercept	of	the	least-square	plot	are	the	low	temperature	values	of	∆«�
��� 	
(see	Table	4-10)	and	∆r�
��� ,	respectively.		
	

4.4 Discussion on Lead Titanate Studies 

4.4.1  Reference Lead oxid: PbO  

4.4.1.1 Vaporization of pure PbO 

The	 initial	 motivation	 to	 investigate	 the	 vaporization	 of	 PbO(c)	 was	 to	 study	 this	
material	for	use	as	a	reference	for	the	determination	of	the	thermodynamic	activity	of	
PbO	in	PbTiO3.	From	the	experimental	point	of	view,	and	for	the	advantage	of	a	direct	
comparison	of	 ion	 intensities,	 it	 is	 necessary	 to	measure	 the	pure	 compound,	 since	
the	 intensities	 are	 equipment-dependent	 and	 therefore	 not	 comparable	 with	
intensities	 determined	 elsewhere.	 Table	 4-7	 gives	 an	 overview	 of	 existing	 data	 in	
literature	from	different	authors	and	data	bases	e.g.	JANAF	[166]	.		
In	the	vapor	over	PbO,	oligomers	in	form	of	(PbO)n,	(n	=	1	to	6)	have	been	observed	
and	studied	by	Knacke	et	al.	[34,	37],	Drowart	et	al.	[31],	Kazenas	et	al.	[29],	Hörbe	et	
al.	 [39],	 Semenikhin	et	 al.	 [27],	 Popovic	et	 al.	 [26]	with	Knudsen	 effusion,	 Knudsen	
effusion	mass	spectrometry	(KEMS)	and	electrochemical	Knudsen	cell.	Makarov	et	al.	
[33]	has	observed	 that	 the	 intensities	of	polymers	 in	presence	of	 elemental	Pb	was	
reduced	 by	 decreasing	 of	 the	 concentration	 of	 lead.	 Further	measurements	 on	 PbO	
have	 been	 carried	 out	 by	 Lopatin	 et	 al.	 [40]	 during	 their	 studies	 on	 systems	
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containing	 lead	 oxide.	 Knudsen	 effusion	 by	 balance	 or	 flow	methods	 (Härdtl	 et	 al.	
[23],	Holman	et	al.	[24],	Nesmeyanov	et	al.	[35,	36])	were	total	pressure	methods	and	
they	 did	 not	 allow	 a	 direct	 analysis	 of	 the	 different	 species.	 The	 determination	 of	
thermodynamic	data	premises	the	existence	of	partial	dimensions	and	functions.		
	
Table 4-7: Thermodynamic data for PbO from different authors at mean experimental temperature Tmean. 

Error values of literature data are in the cited articles. *) equations and values calculated from published 
pressures data, a) at 1080 K 

Source 
Temperature 

Range, K 

Tmean pPb /Pa ∆subH(Tmean) pPbO /Pa ∆subH(Tmean) 

K ln p=A K/T + B kJ mol-1 ln p=A K/T + B kJ mol-1 

Kobertz (this work) 810 - 1040 930 
-(24695±1870)/T 

+ (22.71±2.0) 
205.31 

-(26679±2041)/T 

+ (22.77±2.2) 
221.81 

Knacke [34] 838 - 1018 928   -33341/T + 29.58 277.22 

Knacke [37] 968 - 1158 1063   -31237/T + 30.81 259.79 

Drowart [31] 998 - 1149 1073   -27369/T + 23.72 227.57 

Nesmeyanov [35]  887 - 1043 965   -31077/T + 29.79 258.39 

Nesmayanov [36]  1055 - 1153 1104   -32332/T + 31.81 268.82 

Holman [24] 1055 - 1300 1180   -29546/T + 29.15 245.66 

Lopatin [40] 900 - 1150 1025   -30728/T + 27.38 255.47 

Popovic [26] 850 - 1100 975   -32032/T + 30.66 266.31 

Semenikhin [27] *) 950 - 1150 1050 8.58 10-2 Pa a)  -33531/T + 30.23 278.77 

Kazenas [29]  *) 1010 - 1091 1050 -30219/T + 25.47 251.24 -33118/T + 29.96 275.34 

Härdtl [23] 1025 - 1175 1100   -32111/T + 33.70 266.97 

JANAF [166] 810 - 1040 930   -32565/T + 34.51 270.76 

Kubaschewski [123]      238.49 

Ivtanthermo [14] 810 - 1040 930   -33599/T + 30.14 279.36 

	
There	were	experiments	conducted	under	kinetic	conditions	and	by	free	vaporization	
Feiser	[38],	Makarov	et	al.	[33]	and	these	data	were	shared	with	other	data	by	several	
authors	 for	 further	 calculations,	 e.g.	 by	 Kelley	 [167].	 Thermodynamic	 equilibrium,	
where	nothing	more	will	happen,	 is	complied	if	 the	conditions	of	 the	equilibrium	in	
temperature,	pressure,	and	chemical	potential	are	fulfilled.	This	state	is	not	attainable	
under	kinetic	conditions.		
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Different	 authors	 have	 suggested	 PbO(g)	 (and	 its	 oligomers)	 as	 being	 the	 only	
species,	but	other	authors	[26],	[31],	[40]	have	also	proposed	the	existence	of	atomic	
Pb(g),	although	they	did	not	consider	it	in	their	studies.	It	was	also	suggested	that	Pb+	
has	been	 ionized	 in	vaporizing	of	 lead	metal	 (Pb(c)	⟺	 Pb(g)),	which	was	 left	over	
from	sample	preparation.		
The	 Pb+	 ion	 is	 the	 main	 species	 that	 dominates	 the	 ions	 in	 the	 vapor	 phase	 over	
PbO(c)	as	well	as	over	PbTiO3(c).	Thus,	the	focus	of	my	studies	lay	on	the	clarification	
of	the	existence	of	both	species,	Pb(g)	and	PbO(g),	as	molecules	in	the	vapor	phase.		
The	vapor	pressure	pPb(g)	at	mean	temperature	Tm	=	930	K	over	pure	metallic	lead	
is	1.4	10-1	Pa	[8].	In	contrast	to	this,	the	pressure	of	Pb(g)	over	PbO(c)	in	my	studies	
is	≈10	times	lower	(1.1	10-2	Pa)	or,	in	terms	of	the	activity	of	lead	in	PbO,	a	≈	0.1.		
Two	phase	diagrams	(Fig.	4-8)	in	the	literature	of	the	system	Pb	–	O	from	Risold	et	al.	
[168]	and	Wriedt	 [169]	show	a	 two-phase	region	with	Pb	and	PbO	on	 the	 lead	rich	
side	and	multiple	phases	with	PbO	and	other	lead	oxides	on	the	oxygen	rich	side.	Up	
to	 57	 mol%	 oxygen	 (Pb3O4)	 and	 beyond	 600	 °C	 (the	 temperature	 range	 of	 my	
measurements),	 PbO(c)	 coexists	 with	 a	 second	 phase	 (Pb3O4(c)).	 My	 studies	 have	
been	performed	on	 the	 two	phase	oxygen	rich	region	(red	marked	area	 in	Fig.	4-8)	
and,	under	those	conditions,	the	activity	of	PbO(c)	is	unity,	a	sine	qua	non	for	being	a	
reference.	The	region	of	 the	 lead	rich	side	with	pure	Pb(c)	as	one	phase	could	have	
been	 excluded,	 since	 the	 measured	 pressure	 of	 Pb(g)	 was	 ten	 times	 lower	 than	 it	
would	have	been	over	metallic	 lead,	and	 in	the	Differential	Thermal	Analysis	(DTA)	
response	was	no	transition	below	490	°C	except	that	of	the	ferroelectric-paraelectric	
transition	in	PbO(c).	Reference	pressure	data	were	taken	from	IVTANTHERMO	[14].	
In	summary,	 it	can	be	stated	that	vaporization	studies	on	PbO(c)	are	done	either	 in	
the	 two-phase	 region	 on	 the	 Pb-rich	 side,	 where	 Pb(c)	 and	 PbO(c)	 are	 system	
components,	or	on	 the	oxide	rich	side,	where	up	 to	57	mol%	oxygen	PbO(c)	would	
coexist	 with	 other	 lead	 oxides.	 In	 the	 first	 case,	 Pb(g)	 would	 dominate	 the	 vapor	
pressure	 and	 the	 partial	 pressure	 would	 be	 that	 of	 metallic	 lead.	 Among	 other	
evidences,	molten	Pb	would	also	be	detectable	in	the	two-phase	regime	after	studies	
in	the	temperature	range	of	my	studies.	Neither	the	partial	pressure	Pb(g)	of	metallic	
lead	was	measured	nor	was	molten	lead	found.	Thus,	in	my	studies,	Pb(g)	is	not	from	
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“mother”,	but	as	a	 fragment,	 it	has	to	be	above,	since	additional	dissociation	energy	
D(Pb-O)	 must	 be	 dissipated	 to	 break	 the	 bond	 (AE	 =	 IE	 +	 E	 +	 D	 (Pb-O)).	 A	
consequential	break	in	“mothers”	(PbO+)	and	(Pb+)	appearance	energy	curve	was	not	
observed.	
(II)(II)(II)(II)	Anti-parallel	 ion	 intensity	 ratios	 as	 a	 function	of	 temperature	between	mother-	
and	fragment-ion,	M+/F+,	are	characteristic	for	fragment	ions	from	different	sources.	
In	 my	 study	 the	 only	 source	 could	 be	 either	 PbO(g),	 from	 which	 Pb+	 would	 be	
separated	 in	 a	 second-step	 reaction	 =	 fragmentation	 (eqs.	 (4-1),	 and	 (4-3)),	 or	 it	
would	be	directly	 ionized	 from	Pb(g)	 (eqs.	 (4-2),	 and	 (4-4)).	A	 fragmentation	 from	
PbO+	would	be	sub-dominant,	since	the	ionization	to	Pb+	has	already	taken	place	at	
lower	energy,	before	the	PbO+	ion	is	formed	(see	explanation	above	in	(I)(I)(I)(I)).	
(III)(III)(III)(III)	A	difference	of	more	than	20	kJ	mol-1	in	the	slope	of	the	Arrhenius	plot	(∆ÐÑÒ�)	
at	930	K	between	 the	products	of	 the	 ion	 intensity	 into	 temperature	of	 (Pb+	T)	and	
(PbO+	T)	vs.	1/T,	 respectively,	was	observed	 in	my	studies.	The	difference	between	
Kp(2),	eq.	 (4-6),	and	Kp(3),	eq.	 (4-7),	was	even	higher	 than	80	kJ	mol-1.	 It	would	be	
highly	questionable,	 if	such	a	great	difference	would	be	explained	by	a	 temperature	
dependent	 fragmentation	 only.	 Indeed,	 molecules	 at	 higher	 energy	 state	 would	 be	
closer	to	the	appearance	energy	than	at	lower	state.	The	thermal	energy	induced	by	a	
temperature	 change	 of	 200	 K	 (range	 of	 a	 typical	 Knudsen	 measurement)	 would	
increase	the	internal	energy	of	the	molecule	only	by	about	0.02	eV.	In	the	ascending	
part	of	an	ionization	energy	curve	(from	beginning	of	AE	up	to	maximum	value),	this	
could	have	some	influence	on	the	ion	intensity.	At	my	standard	ionization	energy	in	
the	 mass	 spectrometer	 of	 Ee-	 =	 70	 eV,	 even	 ±5	 eV	 would	 not	 cause	 a	 significant	
change	in	any	intensity	of	all	ions.	This	is	the	one	reason	for	us	to	use	70	eV	instead	of	
an	energy	below	the	maximum	(mainly	<	15	eV),	as	other	authors	are	doing.	Under	
these	circumstances,	I	can	ignore	the	temperature-dependent	fragmentation	as	being	
the	reason	for	the	slope	deviation.	
The	ionization	processes	Pb(g)	+	e-	⟶	Pb(g)+	+	2e-	and	PbO(g)	+	e-	→	PbO(g)+	+	2e-	
were	 examined	 and	 the	 possible	 fragmentation	 reaction	 PbO+	 →	 Pb+	 +	 O	was	 not	
considered.	The	process	O2(g)	+	e-	→	O2(g)+	+	2e-	was	observed,	but	could	not	been	
used	for	 the	determination	of	 the	partial	pressure	of	oxygen.	To	achieve	the	oxygen	
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partial	pressure,	the	approach	of	congruent	vaporization	for	eqs.	(4-2)	and	(4-4)	was	
discussed	and	applied	(eq.	(4-13)).		
	

4.4.2 Lead Titanate Crystal 

4.4.2.1 Vaporization of pure PbTiO3 

The	thermodynamic	data	obtained	in	the	present	study	for	the	vaporization	of	pure	
PbTiO3(c)	have	been	compared	with	literature	values.	Only	a	few	studies	are	known:	
Härdtl	et	al.	[23],	Holman	et	al.	[24],	and	Popovic	et	al.	[25].		
The	 ionization	 processes	 were	 consistent	 with	 those	 of	 the	 studies	 on	 PbO(c)	
regarding	the	eqs.	(4-3)	and	(4-4).	The	enthalpy	changes	in	the	reactions	of	eqs.	(4-3)	
and	(4-4)	were	computed	according	to	the	2nd	and	3rd	law	methods.	Enthalpy	values	
of	ΔÐÑÒ�����	×� 	=	(250±11)	kJ	mol-1	and	of	ΔÐÑÒ�����	×� 	=	(252.1±12)	kJ	mol-1	(third	
law)	 were	 obtained	 for	 reaction	 eq.	 (4-3).	 Lead	 titanate	 vaporizes	 incongruently,	
following	eqs.	(4-3)	and	(4-4),	and	the	deposit	of	TiO2(c)	tends	to	result	in	forming	a	
second	phase	besides	PbTiO3(c)	gradually	with	 time.	After	Holman	et	al.	 [24]	 (data	
from	 the	 report	 by	 Moon	 [170]),	 the	 two-phase	 region	 between	 PbTiO3(c)	 and	
TiO2(c)	persists	 up	 to	pure	TiO2(c),	 and	 the	 activity	 of	 Pb	 and	PbO	 in	 lead	 titanate	
remains	constant.	As	long	as	the	deposit	 is	inside	the	concentration	of	the	solubility	
range,	PbTiO3(c)	remains	as	a	single-phase.		
In	terms	of	activity	determination,	it	is	important	to	maintain	one	degree	of	freedom	
in	 the	 phase-field	 in	 order	 to	 stabilize	 the	 existence	 of	 the	 compound	 under	
consideration.	 As	 long	 as	 PbTiO3(c)	 coexists	with	 another	 phase,	 the	 activity	 stays	
constant.	The	loss	of	Pb	and	PbO	at	1200	K	was	approximately	6	mg	(~2.5	10-5	mol)	
in	one	week	of	measurements.	 It	was	observed	 in	my	measurements	that	PbO+	and	
Pb+	tended	towards	lower	intensities	at	the	beginning.	With	consecutive	studies	and	
a	mass	loss	of	about	3	mg,	the	signals	became	reproducibly	constant.	The	mass	loss	is	
related	only	to	the	 loss	of	Pb-containing	species	(Ti-containing	species	could	not	be	
found	in	the	vapor),	with	the	consequence	that	the	stoichiometry	of	the	sample	under	
consideration	was	modified.	The	pure	system	of	 lead	titanate	moved	over	to	a	 two-
phase	 regime	 of	 PbTiO3(c)	+	TiO2(c).	 The	mass	 loss	 is	 consistent	with	 the	 amount	
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that	is	needed	to	cross	the	solubility	range	of	about	3	mol%	of	titanium	oxide	in	lead	
titanate	[24]	(Fig.	4-9,	right).	Indeed,	the	chemical	analysis	has	show	a	surplus	of	TiO2	
with	 a	 molar	 ratio	 PbO	 /	 TiO2	 =	 (44.3±1.5)	 /	 (55.6±1.9)	 in	 the	 sample	 after	 the	
measurements	with	 a	mass	 loss	 of	 6	mg.	Upon	 reaching	 the	 two-phase	 region	with	
PbTiO3(c)	in	addition	to	TiO2(c),	the	degree	of	freedom	concerning	the	phase	law	is	
two,	 which	 means	 that	 the	 pressure	 at	 the	 same	 temperature	 over	 PbTiO3(c)	 is	
always	constant	in	the	two-phase	field.	
To	compare	the	measured	mass	 loss	rate	at	mean	temperature	1080	K	to	reach	the	
solubility	limit	of	TiO2(c)	in	PbTiO3(c)	with	a	time	scale,	it	will	take	about	25	weeks,	
and	at	770	K	---just	above	the	transition	temperature---	up	to	85	weeks	to	reach	the	
two-phase	field.	It	is	expected	that	before	this	time,	no	second	phase	with	TiO2(s)	will	
appear.	Even	after	the	precipitation	of	titanium	dioxide,	PbTiO3(c)	will	persist	in	the	
two-phase	region.	
The	enthalpy	change	of	the	reaction	of	eq.	(5)	measured	in	this	study	was	ΔÐÑÒ�����	×� 	
=	 (339.8±8)	 kJ	 mol-1	 and	 (341.6±15)	 kJ	 mol-1	 according	 to	 the	 2nd	 and	 3rd	 law	
methods,	respectively.	
  

Fig. 4-9: Solubility limit of TiO2(c) in PbTiO3(c) after Holman et al. [24] 
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General	 statements	 in	accordance	 to	 the	differences	between	my	 studies	 and	 those	
reported	by	other	authors	are	summarized	here.		

� Studies	at	constant	ionization	energy	equal	to	70	eV	for	all	measurements.	
� The	Knudsen	cell	was	made	of	iridium	(Ir),	which	I	found	to	be	the	best	

container	material	amongst	all	for	oxide	systems	and	vaporization	studies.	
� The	same	cell	with	the	same	effusion	orifice	was	used	for	all	measurements.	
� The	Knudsen	cell	was	cleaned	analytically	pure	and	before	refilling	with	the	

next	sample,	additional	baked	out	inside	of	the	mass	spectrometer	at	least	
200	K	higher	than	the	measuring	temperature.	

� The	cleaning	process	was	stopped	not	before	the	ion	intensities	of	the	
molecule	under	consideration	were	below	a	limit,	which	was	sufficient	that	
no	ion	intensity	(memory	effect)	was	seen	in	the	lower	temperature	range	
for	the	studies.	

� Each	measurement	was	repeated	until	I	got	reproducible	data	and	after	
this,	at	minimum	three	sets	were	used	for	the	calculation.	

� The	vaporization	studies	were	continued	until	at	least	20%	of	the	sample	
amount	was	dissipated.	

	
4.4.2.2 Thermodynamic activities of Lead Oxide in Lead Titanate 

The	use	of	PbO(c)	as	the	reference	material	for	the	determination	of	the	PbO	activity	
in	PbTiO3	allowed	the	direct	comparison	of	the	ion	intensities	of	gaseous	species	over	
both	the	compounds	PbO(c)	and	PbTiO3(c).	The	activity	of	Pb	and	PbO	in	PbTiO3(c)	
was	temperature-dependent	(see	Chapter	4.3.3)	and	can	be	described	by		
a(�)(Pb) = e�(�ÖÖÖ±���)	×/��	�.���±�.��	and	a(�)(PbO) = e�(����±���)	×/��	�.���±�.��	
in	the	range	between	950	and	1240	K,	and	thus	beyond	the	phase	transition.		
Holman	et	al.	[24]	have	determined	the	activity	of	PbO	and	TiO2	only	in	the	solubility	
range	of	Pb(1-x)Ti(x)O3	from	x	=	0.5	to	0.525.	Schmahl	et	al.	[49]	have	used	emf	studies	
in	 the	 solid	 solution	 at	 923	 K,	 and	 Popovic	 et	 al.	 [26]	 the	 Knudsen	 effusion	 mass	
spectrometry	 at	 1123-	 1290	 K.	 None	 of	 these	 authors	 had	 studied	 the	 oxygen-
dependent	activity	of	lead	in	lead	titanate.		
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The	ion	intensities,	i.e.	the	vapor	pressures	of	Pb(g)	and	PbO(g),	have	been	too	weak	
for	 the	 interpretation	 at	 the	 temperature	 below	 the	 ferroelectric-paraelectric	
transition.	Concerning	the	sensitivity	of	my	Knudsen	cell	mass	spectrometer	(p	>	10-9	
Pa),	the	pressures	close	to	the	phase	transition	must	presumably	be	around	10-8	Pa.	
In	 terms	 of	 thermodynamic	 properties,	 lead	 titanate	 is	 very	 stable	 in	 the	 scope	 of	
application.	 Considering	 the	 partial	 pressure	of	 Pb(g),	 a	 higher	 oxygen	 atmosphere	
might	even	stabilize	 the	 system,	 since	 the	 reaction	of	 eq.	 (4-2)	 is	 shifted	 to	 the	 left	
side.	The	TiO2	activity	could	not	be	experimentally	determined,	since	no	species	could	
be	observed	in	the	vapor	phase	over	lead	titanate	under	Knudsen	conditions	and	in	
the	temperature	range	of	the	studies.	Nevertheless,	even	with	the	high	stability,	one	
must	 point	 out	 that	 in	 a	 long-term	 application	 at	 high	 temperature,	 a	 creeping	
compound	degradation	is	possible,	even	if	higher	partial	pressures	of	oxygen	would	
stabilize	 the	 system.	Activity	 values	 and	pressure	 equations	 are	 given	 in	Table	4-2.	
The	activity	of	Pb	=	3	10-4	and	of	PbO	=	4	10-3	at	770	K	is	about	4	times	lower	than	in	
the	temperature	range	of	the	studies	under	consideration.	
It	should	be	noted	that	Schmahl	et	al.	[49]	have	determined	the	activity	and	pressure	
of	 PbTiO3	 by	 electromotive	 force	 and	 thermo	 balance	 measurements.	 Their	
thermodynamic	 data,	 however,	 are	 extrapolated	 and	 their	 results	 are	 therefore	
uncertain.	
 

4.4.2.3 Heat of capacity at constant pressure for lead titanate 

The	 coefficients	 in	Table	4-3	 for	 the	polynomial	 equation,	 eq.	 (4-20),	 described	 the	
heat	 capacity	 from	 298	 to	 763	 K	 and	 from	 763	 to	 1263	 K.	 My	 values	 are	 in	 good	
agreement	 with	 data	 reported	 by	 Roy	 et	 al.	 [44],	 Yoshida	 et	 al.	 [47],	 and	 Kellogg	
[117]].	 There	 are	 two	 studies	 of	 Rossetti	 et	 al.	 [41,	 42].	 In	 the	 one	 on	 their	
calorimetric	 investigation	on	Pb(ZrxTi1-x)O3	 they	reported	��(
��	×)		� =	106	J	mol-1	K-1	
for	single	crystal,	and	in	the	one	on	their	study	of	PbTiO3	single	crystals	they	reported	
��(
��	×)	� =	 113	 J	 mol-1	 K-1	 for	 polycrystalline	 lead	 titanate.	 The	 heat	 capacity	
measurements	by	Shigematsu	et	al.	[48],	Härdtl	et	al.	[23]	and	Bhide	et	al.	[7]	are	not	
in	good	agreement	with	my	values	(Table	4-8).	The	value	from	Mikhaleva	et	al.	[46]	
was	graphically	extracted.		 	
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Kellogg	[117]	has	suggested	a	method	to	determine	the	heat	capacity	of	solids	with	
ionic	 bonds.	 The	 approach	 is	 to	 sum	 the	 various	 contributions	Φi,	 for	 cations	 and	
anions	independently	of	valence.	

 

These	 data	 have	 been	 derived	 from	 a	 compilation	 of	 experimental	 data,	 and	 were	
reported	in	Kubaschewski	et	al.	[118,	123].	Contributions	for	PbTiO3(c)	are	ΦPb2+	=	
26.78,	ΦTi2+	 =	 21.76,	 and	ΦO2-	 =	 18.41	 at	 298	 K,	 and	 with	 eq.	 (4-37)	 the	 heat	
capacity	could	be	calculated,	��(
��	×)	� =	ΦPb2+	+	ΦTi2+	+	3	ΦO2-	=	103.8	J	mol-1	K-1	
which	is	close	to	my	value	for	���	of	lead	titanate.	
 

Table 4-8: Comparison of the heat capacity at 298 K, �$($%&	0)	 , for PbTiO3(c) of this work with data from 

literature. Error values of the literature data are described therein 

Reference �$	($%&)  J mol-1 K-1 Reference �$	($%&) 
  J mol-1 K-1

 

This work (experimental) 106.24 ± 2.1 Shigematsu [48] (graphical) 140 

Bhide [7] (extrapolated) 121.3 Rossetti [41] (extrapolated 106 

Roy [44] (graphical) 109.1 Rossetti [42] (extrapolated) 113 

Mikhaleva [46] (graphical) 112 Härdtl [23]  129.7 

Yoshida [47] (extrapolated) 103.2 Kellogg [117] (empirical) 103.8 

	
The	enthalpy	of	transition	for	the	ferro-paraelectric	phase	change	at	763	K	deduced	
from	my	measurements,	∆�«Ð����	×� 	=	(1.57±0.65)	kJ	mol-1	(0.314	kJ	 atom-mol-1),	 is	
not	zero,	though	quite	low,	and	from	this	point	of	view,	and	concerning	the	traditional	
Ehrenfest	classification,	the	transition	should	be	of	first	order	(Ehrenfest	[15]).		
The	 enthalpy	H	 as	 a	 function	 of	T,	 (H	=	 f(T)),	 has	 a	mathematical	 singularity	 at	 a	
transition	point	when	ΔtrsH≠0.	The	Birst	derivate	of	the	enthalpy	function	(dH/dT)p	at	
constant	pressure	 is	 infinite	 in	 this	point	of	discontinuity	and	since	Cp	=	(dH/dT)p,	
this	 is	 also	 valid	 for	 the	 heat	 capacity.	 This	 was	 the	 reason	 for	 us	 to	 determine	
polynomial	 functions	 for	 each	 branch	 of	 both	 sides	 of	 the	 ferro-paraelectric	
transition.	 	

��(
��	×)	� =	∑ (� ∏ nææ äæ	�).	 (4-37)	
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In	a	 second-order	 transition	 the	enthalpy	difference	 is	 zero	 (ΔtrsH	=	0),	 though	 the	
entropy	change	∆trsS	=	∆trsH/T	 is	also	zero.	This	means	that	the	entropy	is	the	same	
before	 and	 just	 after	 the	 transition.	With	 the	 relation	△ST	 =	 Ú(Cp/T)	 dT	 (	 see	 eq.	
(4-24))	the	heat	capacity	is	discontinuous	but	finite.		
Characteristic	for	the	λ-transition	is	the	stronger	rise	of	the	heat	capacity	long	before	
the	 transition	 (i.	 e.	 see	 Figure	 4)	 and	 a	 singularity	 in	 the	 enthalpy	 function.	 This	
transition	is	not	of	first	order,	but	the	heat	capacity	is	also	infinite	like	there.		
Moreover,	a	critical	view	on	 the	classification	and	new	aspects,	described	by	 Jaeger	
[171],	 reclassifies	 phase	 transitions	 into	 “first	 order”	 and	 “continuous”	 transitions.	
Recently,	 the	 phase	 transition	 in	 PbTiO3	 was	 classified	 by	 Liu	 et	 al.	 [172]]	 as	 a	 2nd	
order	one	by	modeling	invariant	critical	points	among	three	phases.	
The	peak	 shape	 in	 the	measured	herein	��	(�)� 	 function	has	not	 the	 shape	of	 a	 first-
order	 transition,	but	 the	 form	of	 a	 slightly	 smeared	λ-shape	(see	Fig.	4)	 that	would	
suggest	a	tendency	to	a	continuous	transition	(Ehrenfest	[15],	Thorn	[156]).	
My	observations	are	not	contradicting	 the	discussions	 in	 literature.	The	enthalpy	of	
transition	∆�«Ð����� 	=	(1.57	±	0.65)	kJ	mol-1	(0.314	kJ	atom-mol-1)	and	the	entropy	of	
the	 transition,	∆trsS	=	∆�¬û¯01�	¥

���	× 		=	 (2.1	±0.9)	 J	mol-1	 K-1	 are	 in	 agreement	within	 the	
experimental	error	with	results	obtained	by	others:	Shirane	et	al.	[5],	Rossetti	et	al.	
[41],	Maffei	et	al.	[43],	Roy	et	al.	[44].		
All	 samples	are	always	only	 real	 samples	and	cannot	be	absolute	perfect	ones.	 It	 is	
noticed	 that	 the	 literature	 values	of	 the	 enthalpy	 of	 transition	 is	 defects	dependent	
concerning	 the	quality	of	 lead	 titanate	with	a	 tendency	of	approaching	a	zero	value	
(∆trsH	→	0),	i.e.	Rossetti	et	al.	[41,	42]	have	reported	values	for	polycrystalline	(5.25	
kJ	mol-1)	and	single	crystals	where	the	latter	shows	a	lower	enthalpy	change	(4.15	kJ	
mol-1).	 Following	 this	 tendency,	 one	 could	 postulate	 that	 a	 real	 perfect	 lead	 oxide	
crystal	 might	 show	 no	 enthalpy	 change	 and	 this	 would	 indicate	 a	 higher	 order	
transition	concerning	the	thermodynamics	of	lead	titanate.		
The	measurements	herein	were	 thoroughly	executed	on	high	quality	PbTiO3	 crystal	
samples	 and	 in	 accordance	 with	my	 observations,	 I	 would	 like	 to	 suggest	 that	 the	
transition	is	probably	not	a	pure	first	order	one.		 	
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This	 difficult	 topic	 on	micro-structural	 properties	 of	 lead	 titanate	material	must	 be	
discussed	 more	 extensively.	 It	 was	 not	 the	 subject	 to	 clarify	 the	 phase	 transition	
classification	 of	 PbTiO3	 in	 my	 studies,	 but	 those	 aforementioned	 remarkable	
observation	were	made.	
 

Table 4-9: Polynomial equations and coefficients of the thermodynamic data from caloric studies on 
PbTiO3, x = temperature T K/10000. Calculated values are listed in Table 4-6 

�$ 				=	A	=	A	=	A	=	A	+ #D$ + � ∙ D+E ∙ D$ + F ∙ 	D'				 Eq. (13) 

(H(H(H(H0000				––––				HHHH0000298.15298.15298.15298.15)/)/)/)/TTTT				=	A=	A=	A=	A∙ D				− #D + �
$ ∙ D$ + E' ∙ D' + FG ∙ DG + =					 Eq. (14) 

SSSS0000				=	A	=	A	=	A	=	A	HI(D) − #
$	D$ + � ∙ D+ E

$ ∙ D$ + F' ∙ 	D' +!				 Eq. (15) 

∆∆∆∆TTTT				 298.15 K – 763 K 763 K – 1263 K 

AAAA				 310.4732 123.0744 

BBBB				 -0.0404138 -6.010252 10-8 

CCCC				 -8680.302 -231.4214 

DDDD				 1.309519 10+5 1123.474 

EEEE				 -6.176693 10+5 -3.778493 10-3 

FFFF				 -7.789032 -3.408089 

GGGG				 1391.837 556.9736 

	
4.4.2.4 Heat of formation and heat of reaction for lead titanate 

So	 far,	 the	enthalpies	of	 formation	and	reactions	were	achieved	mainly	by	methods	
involving	 the	 condensed	 phase	 (Shirane	et	 al.	 [5],	 Takayama	et	 al.	 [52],	 Rane	et	 al.	
[45]).	Only	Popovic	et	al.	[25]	have	deduced	the	heat	of	reaction	from	the	equilibrium	
pressures	over	PbTiO3(c)	and	over	PbO(c),	which	was	taken	from	another	reference	
[26].	 Involving	 the	 partial	 pressures,	 they	 have	 determined	 the	 enthalpy	 of	
decomposition	(59.1	kJ	mol-1)	from	a	function	of	the	activity	of	PbO	in	lead	titanate	at	
1200	K.	Their	heat	of	formation	from	the	oxides	PbO(c)	and	TiO2(c)	was	found	to	be	–
(1227±4	1189.38	±1.76)	kJ	mol-1	(see	Table	4-5).		
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In	comparison	to	them,	the	thermodynamic	activity	was	determined	with	both	vapor	
studies	of	PbO	and	PbTiO3	shortly	after	each	other	and	in	the	same	Knudsen	cell.	
A	 compendium	 of	 thermodynamic	 enthalpy	 data	 of	 both	 vaporization	
thermodynamics	 and	 solid-state	 calorimetric	 studies	 of	 selected	 chemical	 reactions	
concerning	pure	lead	oxide	and	lead	titanate	is	shown	in	Table	4-10.	
 

Table 4-10: Synopsis of thermodynamic enthalpy data from vaporization- and caloric- studies on PbO(c) 
and PbTiO3(c) 

Enthalpy of 

transition  

∆trsH  

(DSC) 

0.85 ± 0.06  

kJ mol-1 

∆trsH  

(DropC) 

1.74 ± 0.08  

kJ mol-1 

∆trsH  

(��	(�)� ) 

2.11 ± 0.05  

kJ mol-1 

Enthalpy of (4-31) 

formation   (4-28) 

Pb(g) + 0.5 O2(g) + TiO2(c) = PbTiO3(c) ∆fH (1080) PbTiO3 -1096.2 ±15 kJ mol-1 

PbO(c)+TiO2(c) = PbTiO3(c) ∆fH(298)PbTiO3 -1189.7 ±  3 kJ mol-1 

Enthalpy of (4-32) 

formation   (4-28) 

PbO(g) + TiO2(c) = PbTiO3(c) ∆fH (1080) PbTiO3 -1134.9 ±  6 kJ mol-1 

PbO(c) + TiO2(c) = PbTiO3(c) ∆fH(298)PbTiO3 -1189.0 ±  1 kJ mol-1 

Enthalpy of (2-25) 

reaction (4-4)(4-14) 

Pb(c) + 0.5 O2(g) + TiO2(c) = PbTiO3(c) ∆rH(298)PbTiO3 -26.7 ±   3 kJ mol-1 

PbO(c) + TiO2(c) = PbTiO3(c) ∆rH(298)PbTiO3 -26.0 ±   1 kJ mol-1 

Enthalpy of  

sublimation 

∆subH(1080 K) 

 ∆subH 2nd law ∆subH 3rd law 

PbTiO3(c) = Pb(g) + 0.5O2(g)+TiO2(c) 339.8 ±  7.0 kJ mol-1 341.6 ±14.4 kJ mol-1 

PbTiO3(c) = PbO(g) + TiO2(c) 250.6 ±10.4 kJ mol-1 252.1 ±13.3 kJ mol-1 

Source Selected reactions 
∆rH 2nd law ∆rH 3rd law ∆rG ∆rS 

kJ mol-1 kJ mol-1 K-1 

PbTiO3 

1080 K 

PbTiO3(c) = Pb(g) + 0.5 O2(g) + TiO2(c) 
339.8 ±   8 341.6 ± 15  227.6 ± 7 105.5 ±  8 

PbTiO3(c) = PbO(g) + TiO2(c) 
250.6 ± 11 252.1 ±  13 161.5 ± 5 83.9 ±   7 

PbO(g) = Pb(g) + 0.5 O2(g) 
89.3 ±   3 90.4 ±   3 66.1 ± 3 22.5 ±   4 

PbO 

(yellow) 

930 K 

PbO(c) = Pb(g) + 0.5 O2(g) 
309.7 ± 15 310.1 ± 13 185.4 ± 9 134.1 ±   9 

PbO(c) = PbO(g) 
222.5 ±   3 223.2 ±   6 134.9 ± 7  94.9 ±   5 

PbO(g) = Pb(g) + 0.5 O2(g) 
87.3 ±   3 87.1 ±   5 46.5 ± 5 43.7 ±   5 
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5 Conclusions for Lead Titanate 

The	 studies	 on	 lead	 titanate	 presented	 in	 this	 Thesis	 are	 predominantly	 based	 on	
different	 experimental	 and	 supplementary	 methods.	 It	 was	 possible	 to	 clarify	
vaporization	processes	over	both	PbO(c)	and	PbTiO3(c).	Solid	PbO(c)	and	PbTiO3(c)	
vaporize	mainly	 dissociatively	 as	 Pb(g),	 O2(g)	 and	 PbO(g).	 These	 species	were	 the	
only	ones	 in	the	equilibrium	vapor	 in	the	measurements	under	consideration.	From	
the	partial	 pressures,	 thermodynamic	data	were	determined	by	 studying	 the	 vapor	
phase	 over	 the	 system.	 Concerning	 Pb-containing	 species,	 lead	 titanate	 has	 a	 low	
pressure	(<	10-7	Pa)	at	temperatures	around	the	structure	change,	and	in	terms	of	Ti-
species,	no	measurable	species	could	be	observed	under	Knudsen	conditions.	
A	 temperature-dependent	 relation	 of	 thermodynamic	 activity	 of	 lead	 in	 the	 PbTiO3	
was	 experimentally	 obtained	 for	 Pb,	 and	 for	 PbO	 by	 comparing	 the	 partial	 vapor	
pressures	over	pure	PbO(c)	and	PbTiO3(c),	 respectively.	 It	 can	be	derived	 from	the	
pressure	data	and	activity	value	that	PbTiO3(c)	is	stable	for	years	at	a	temperature	10	
K	 above	 the	 ferroelectric-paraelectric	 phase	 change	 at	 ∼770	 K.	 The	 sublimation	
enthalpy	 of	 Pb	 from	 PbTiO3(c)	 at	 T	 =	 1080	K	 was	 ΔÐÑÒ�����	×� (Pb) = (340 ±
11)	kJ	mol��	and	for	PbO	was	ΔÐÑÒ�����	×� = (251 ± 12)	kJ	mol��.	
Two	independent	equilibria	reactions	with	different	vapor	species	were	used	for	the	
evaluation	 of	 the	 Pb	 and	 PbO	 activity	 in	 PbTiO3(c),	 numerically	 specified	 by	 the	
functions	 for	 lead,	 ln(·�Ò()	) = −(3555 ± 168)/{ − 3.496 ± 0.07	and	for	 lead	oxide,		
ln(·�Ò�()	) = −(3003 ± 191)/{ − 1.607 ± 0.07.		
From	 the	 viewpoint	 of	 studying	 the	 solid	 phase,	 the	 heat	 capacity	 under	 constant	
pressure	 (��(�)� )	was	measured	 from	 1273	 K	 down	 to	 room	 temperature	 and,	 as	 a	
result,	 I	 got	 two	polynomial	 equations:	 one	 describing	 the	 temperature	 range	 from	
298	to	763	K,	the	other	the	range	from	763	to	1263	K.	In	the	first	temperature	range	I	
found	 a	 continuous	 increase	 of	 ��	(�)� 	 from	 (106	 ±	 0.2)	 to	 (129	 ±	 0.2)	 J	mol-1	 K-1,	
whereas	the	heat	capacity	beyond	the	structure	change	is	almost	constant	at	(112	±	
0.3)	J	mol-1	K-1.		



5  		Conclusions for Lead Titanate	 86	

 

The	ferro-paraelectric	phase	change	at	763	K	is	supposed	to	be	related	to	a	first	order	
one	 with	 a	 tendency	 to	 a	 continuous	 transition,	 with	 an	 enthalpy	 ∆trsH	 =	 (1.57	 ±	
0.65)	kJ	mol-1,	and	the	entropy	∆trsS	=	(2.1	±	0.9)	J	mol-1	K-1.		
A	new	characteristic	value	for	the	bond	energy	of	the	anion	(TiO32-)	in	Le	Van’s	[36]	
approach	for	bivalent	titanates	could	be	deduced	to	be	–(856	±	8.5)	kJ	mol-1	instead	
of	the	tabulated	value	of	-795	kJ	mol-1.		
The	combination	of	supplemental	experimental	methods	like	Knudsen	Effusion	Mass	
Spectrometry	 (KEMS),	Dynamic	 Scanning	Calorimetry	 (DSC),	 and	Drop	Calorimetry	
(DropC)	to	study	the	equilibrium	vapor	phase	and	the	solid	phase	was	completed	for	
the	first	time.		
Successfully,	it	has	been	shown	for	the	first	time	that	three	different	and	independent	
approaches	 of	 two	 vapor	 phase	 studies	 with	 different	 gas	 species,	 i.e.	 the	
determination	 of	 sublimation	 enthalpy	 and	 activity,	 and	 one	 combination	 of	 vapor	
and	condensed	state	studies,	i.e.	Σ–plot,	have	issued	the	same	result	for	the	formation	
of	 lead	 titanate.	From	 these	 six	 independent	and	different	experimental	 results,	 the	
heat	 of	 reaction	was	 found	 to	 be	 ∆«�
��� ¨PbTiO�(c)©	=	−(26.4 ± 1.8)	 	kJ	mol��	and	
the	 heat	 of	 formation	 was	 found	 to	 be	 ∆Ó�
��� ¨PbTiO�(c)©	 =	 −(1189.4	 ± 1.76)	
	kJ	mol��.	 The	 empirical	 approaches	 and	 the	 experimental	 results	 are	 in	 good	
agreement	with	rare	literature	data.	
The	thermodynamic	data	deduced	in	this	work	are	the	result	of	a	combination	of	both	
gas	 phase	 and	 condensed	 phase	 studies.	 They	 have	 been	 compared	with	 literature	
data,	and	it	has	been	possible	to	resolve	discrepancies	in	literature.		
The	 vapor	 phase	 under	 Knudsen	 conditions	 behaves	 as	 an	 ideal	 gas.	 Each	 gaseous	
species	is	independent	and	interacts	only	by	statistical	impacts.	Reactions	caused	by	
the	 impacts	 or	 vaporization	 processes	 from	 the	 condensed	 phase	 determine	 the	
equilibrium	 state	 between	 gas	 and	 condensed	 phase.	 Remains	 of	 trace	 elements,	
which	 could	 be	 active	 in	 condensed	 phase	 and	 influence	 their	 properties,	 will	 not	
necessarily	 be	 an	 active	 partner	 in	 the	 vapor	 phase	 and	 taking	 part	 in	 their	
equilibrium	 conditions.	 Only	 if	 they	 interact	 in	 macroscopic	 dimensions	 with	
molecules	in	the	gas	phase	and	in	case	of	their	influence	on	the	equilibrium	state,	one	
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has	 to	 consider	 them.	 The	 Knudsen	 effusions	 mass	 spectrometer	 can	 easily	
distinguish	between	these	situations.		
In	contrast	to	condensed	phase	studies,	i.e.	solution	calorimetry,	the	vapor	phase	over	
a	 sample	will	 reach	much	 faster	 the	homogeneity	 in	 distribution	 and	will	 attain	 an	
appreciable	equilibrium	state.		
The	new	data	are	intrinsically	consistent	and	consolidated	for	modeling.	
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6 Studies on Mn doped Lead Titanate  

6.1 Experimental Part 

6.1.1 PbTiO3:Mn; growth and basic electrical features 

Single	crystals	of	PbTiO3:Mn	have	been	obtained	from	solid	solution	with	use	of	the	
flux	 method	 described	 by	 Fesenko	 [173]	 and	 Wojcik	 [146,	 151].	 The	 following	
reagents	 have	 been	 used:	 specpure	 PbO	 (Fluka),	 analar	 purity	 TiO2	 (POCh),	 analar	
purity	B2O3	(Fluka),	and	specpure	MnO2	(Fluka).	The	melt	ratio	in	mol	has	been	0.62	
PbO	 :	 0.11	 TiO2	 :	 0.27	 B2O3,	 with	 addition	 of	 0.001,	 0.002,	 and	 0.005	 mol	 MnO2,	
respectively,	to	obtain	the	different	concentration	of	the	dopant.		
The	 PbO	 -	 TiO2	 -	 B2O3	 -	 MnO2	 mixture	was	 homogenized	 in	 a	 platinum	 crucible	 at	
1270	K	for	12	h	and	then	temperature	has	been	lowered	to	1170	K	at	the	rate	dT/dt	
=	2	K	h-1.	After	the	solvent	has	been	poured	off,	the	crystals	in	the	crucible	have	been	
cooled	 to	 room	 temperature	 in	 the	 furnace	 chamber.	 The	 remaining	 solvent	 was	
etched	with	a	boiling	acetic	acid	solution.	The	yellowish	and	transparent	crystals	have	
been	obtained	in	form	of	plates,	needles,	and	rectangular	prisms.	
The	optic	absorption	 test	has	shown	that	 the	energy	gap	 is	equal	 to	3.0	eV	(Wójcik	
[151],	Molak	et	al.	[174]).	The	crystals	exhibited	semiconductor	type	dependence	on	
temperature.	A	decrease	in	the	conductivity	value	was	observed	when	the	Mn	content	
increases.	The	activation	energy	has	been	estimated	as	Ea	=	0.6	–	0.9	eV	between	350	
-	500	K	and	Ea	=	1.6-1.8	eV	in	a	range	between	600	and	800	K.	An	influence	of	the	Mn	
concentration	on	 the	Ea	 values	was	not	 observed.	The	EPR	 test	 has	 shown	 that	 the	
Mn4+	 ions	are	able	to	replace	the	Ti	ions	in	the	crystal	structure.	Moreover,	a	minor	
amount	of	Mn2+	ions	might	exchange	Pb	on	the	sublattice	(Molak	et	al.	[174]).		
The	X-ray	photoelectron	spectroscopy	study	has	been	conducted	on	the	same	series	
of	 the	 PbTiO3:xMn	 crystal	 samples.	 Despite	 the	 low	 Mn	 dopant	 concentration,	 the	
broadening	of	 the	Pb,	Ti,	 and	O	core	 lines	have	been	observed.	 	A	 tail	 in	density	of	
state	emerges	at	the	top	of	the	valence	band	in	case	of	the	crystal	Mn-doped	crystals	
(x	=	0.005).	Such	effects	has	been	assigned	to	the	influence	of	the	Mn	ions	introduced	
to	the	PbTiO3	crystal	lattice	(Adamiec	et	al.	[175]).	
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The	 quality	 of	 the	 crystals	 is	 very	 high	 in	 terms	 of	 the	 vaporization	 studies.	 My	
Knudsen	mass	spectrometer	has	a	detection	limit	about	ppa-mol	(10-18	mol)	and	this	
enables	 to	 detect	 any	 of	 the	 trace	 elements	 given	 in	 Table	 6-1.	 As	 long	 as	 these	
elements	 are	 not	 involved	 in	 vapor	 phase	 reactions,	 they	 will	 not	 disturb	 the	
equilibrium	constant.	Under	Knudsen	conditions,	all	gas	species	behave	perfect.	If	the	
trace	 elements	 are	 involved	 in	 condensed	 phase	 processes,	 which	 will	 change	 the	
vaporization	 behavior,	 than	 they	would	 have	 been	 found	 and	 detected	 in	 the	mass	
spectra.		
Table 6-1: Trace element analysis of PbTiO3 : xMn sample by ICP-MS. The concentration is given in ppm-
wt. The standard error is 3%. Only the differences related to Table 4-1 are listed here 

 x Mn mol-1  x Mn mol-1 

Element 0.001 0.002 0.005 Element 0.001 0.002 0.005 

Na <31 <38 <31 Ba <3 <3 <4 

Mg <13 <24 <20 Gd <5 <0.7 <2.1 

Mn <228 <20 <15 Ta <87 <45 <9 

Ni <18 <11 <15 W <1365 <90 <192 

Nb <27 <38 <32 Ir <1.3 <0.4 <1 

Mo <37 <0.8 <2 Hg <26 <1.6 <3.5 

Sn <1 <2.5 <0.6 Tl <0.1 <0.1 <0.1 

Sb <1 <2.5 <0.6 Ti 14.8 15.6 16.6 

	

6.2 Results for Mn doped Lead Titanate 

6.2.1 Vaporization Studies on Mn doped Lead Titanate 

The	 Mn-doped	 lead	 titanates	 were	 studied	 in	 the	 same	 Ir-Knudsen	 cell	 as	 the	
PbTiO3(c)	crystal.	After	each	measurement,	the	cell	was	cleaned,	and	then	baked	out	
in	 the	mass	 spectrometer	 unless,	 the	 ion	 intensity	 of	 Pb+	 and	PbO+	was	 below	 the	
detection	limit	in	the	range	of	the	vaporization	studies.	These	studies	are	in	detail	the	
same	as	described	in	chapter	4.	
The	partial	pressures	of	Pb(g),	O2(g)	and	PbO(g)	over	PbTiO3:xMn(c)	with	x	=	1,	2	
and	5	mol%	Mn	were	determined	in	the	temperature	range	920	–	1220	K.	In	Fig.	6-1	
are	the	partial	pressures	of	Pb(g)	over	PbO(c),	PbTiO3(c),	and	Mn-doped	lead	titanate	
and,	in	Fig.	6-2	the	same	for	the	partial	pressures	of	PbO(g).		
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Fig. 6-1: Partial pressure of Pb(g) over PbO(c), PbTiO3(c) and over Mn-doped lead titanates with 1, 2 

and 5 mol% Mn 

Fig. 6-2: Partial pressure of PbO(g) over PbO(c), PbTiO3(c) and over Mn-doped lead titanates with 1, 2 

and 5 mol% Mn 
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6.3 Discussion on Mn doped Lead Titanate 

The	 submitted	 samples	were	not	perfect	 in	 terms	of	 the	desired	Mn-concentration.	
The	lead	titanate	with	1	mol%	Mn	has	twenty-times	more	Mn	than	those	with	2	and	5	
mol%.	 Nevertheless,	 the	 un-doped	 sample	 is	 the	most	 stable	 one,	 according	 to	 the	
activity	of	lead	in	the	titanate.	
Since	the	covalent	radius	of	Mn	(139	pm)	is	smaller	than	those	of	Pb	(146	pm)	and	Ti	
(160	pm)	(pm	=	pico-meter	=	10-12	m),	it	is	possible	for	Mn	to	replace	either	Pb	or	Ti	
in	the	crystal	lattice.	Molak	et	al.	[174]	found	a	decreasing	of	the	lattice	constant	with	
increasing	of	 the	Mn	concentration.	Their	studies	went	confirm	with	 literature	data	
where	Mn	 replaces	 Ti,	 but	 they	 postulated	 that	 Mn	 also	 replaces	 Pb	 in	 the	 crystal	
lattice.	
The	 partial	 pressures	 of	 Pb(g)	 and	 PbO(g)	 are	 higher	 than	 over	 PbTiO3(c),	 that	
means,	 manganese	 in	 the	 structure	 of	 lead	 titanate,	 does	 not	 reduce	 the	
thermodynamical	 activity.	 This	would	 be	 true,	 if	 the	 concentration	 of	 Pb	would	 be	
reduced	 in	 the	 lattice,	e.g.	by	replacing	 it	with	another	element	(Raoult’s	 law	[176],	
activity	as	a	function	of	the	mol	fraction,	f(ai)	=	xi).	Considering	that	this	function	has	
no	 strong	 positive	 deviation	 from	 ideal	 behavior	 in	 the	 measurements,	 the	
implication	 is	 that	Mn	 does	 not	 replace	 Pb	 in	 the	 perovskite	 structure.	 Either	 it	 is	
interstitial	placed	or	on	a	Ti	lattice	site.		
The	 vaporization	 studies	have	 shown	higher	 partial	 pressures	of	 Pb(g)	 and	PbO(g)	
over	Mn-doped	sodium	titanates	with	the	tendency	the	higher	the	Mn	concentration	
the	higher	the	pressure	(Fig.	6-3	and	Fig.	6-4).	Metallic	Pb(g)	in	the	vapor	illustrates	
this	even	more	than	the	oxygen	containing	PbO(g).		
A	possible	 explanation	 for	 this	 is	 that	Mn	diminishes	 the	bonding	 site	 between	 the	
oxygen	atoms,	when	the	B-side	cation	Ti,	is	replaced	by	the	smaller	atom	Mn.	The	face	
centered	oxygen	atoms,	attracted	by	the	smaller	center	atom	Mn,	will	than	lose	some	
binding	strength	with	the	result,	that	lead	is	more	volatile	(Fig.	6-5,	Pinin	[177]).	
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Fig. 6-3: Equilibrium constants Kp for the reaction PbTiO3(c) = Pb(g) + 0.5O2(g)+TiO2(c) over PbO(c), 

PbTiO3(c), and the reaction PbTiO3:xMn(c) = Pb(g) + 0.5O2(g)+TiO2:xMn(c) for (PbTiO3:xMn)(c), with 

x = 1, 2 and 5 mol% Mn 

Fig. 6-4: Equilibrium constants Kp for the reaction PbTiO3(c) = PbO(g) + TiO2(c) over PbO(c), 

PbTiO3(c), and the reaction PbTiO3:xMn(c) = PbO(g) + TiO2:xMn(c) for (PbTiO3:xMn)(c), with x = 1, 2 

and 5 mol% Mn 
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Considering	 the	 equilibrium	 constant,	 another	 picture	 is	 given,	 but	 finally	with	 the	
same	 result.	 The	 partial	 pressure	 of	 Pb(g)	 is	 dependent	 on	 the	 oxygen	 partial	
pressure	 and	 vise	 versa	 and,	 in	 contrast	 to	 this	 the	 partial	 pressure	 of	 PbO(g)	 is	
independent	of	the	oxygen	pressure.		
The	equilibrium	constant	of	PbO	over	PbTiO3:1Mn(c)	is	below	that	of	pure	PbTiO3(c)	
(blue	 line	 below	 green	 line	 in	 Fig.	 6-4)	 but	 this	 is	 not	 true	 for	 the	 other	 doped	
samples.	From	the	analysis	(Table	6-1),	it	is	known	that	manganese	concentration	is	
much	 higher	 than	 the	 desired	 concentration.	 With	 this	 high	 concentration,	 the	
solubility	 of	 Mn	 in	 lead	 titanate	 is	 exceeded	 and	 in	 equilibrium,	 the	 surplus	 on	
manganese	 is	 forcing	 on	 replacing	 also	 Pb	 in	 the	 perovskite	 structure	 which	 will	
reduce	the	activity	of	lead	in	the	perovskite	according	to	Raoult’s	law	[176].	
By	 chance	 it	 was	 found	 that	 the	 manganese	 concentration	 in	 the	 desired	 sample	
PbTiO3:1Mn(c)	was	not	correct.	On	the	other	side	this	coincident	has	helped	to	clear	
the	principle	of	operation	about	replacing	Mn	in	the	structure	of	lead	titanate.		
Inside	 of	 the	 solubility	 limit	 of	 manganese	 in	 lead	 titanate,	 Mn	 replaces	
predominantly	Ti,	and	outside	of	the	limit,	Mn	is	also	replacing	Pb.	
  

Fig. 6-5:"Perovskite" by Pinin [175]- Own work. Licensed under Public domain via Wikimedia 

http://commons.wikimedia.org/wiki/File:Perovskite.svg#mediaviewer/File:Perovskite.svg 
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7 Conclusions for Mn doped Lead Titanate 

The	vaporization	studies	have	shown	higher	partial	pressures	of	Pb(g),	PbO(g)	and	
O2(g)	over	Mn-doped	 lead	titanates	in	comparison	to	the	un-doped	sample.	 It	could	
also	be	observed	that	the	pressure	increased	with	a	higher	Mn	concentration.		
The	 covalent	 radius	 of	 Mn	 is	 smaller	 in	 comparison	 to	 the	 titanium	 (Ti).	 When	
titanium	in	the	center	of	the	perovskite	structure	is	replaced	by	a	Mn	atom,	the	face	
centered	oxygen	atoms	will	be	influenced	by	attraction	of	the	smaller	ion.	This	leads	
to	 a	 higher	 stress	 in	 the	 lattice	 between	 the	 atoms	 with	 the	 consequence	 of	
diminishing	the	binding	strength	in	the	bonding	site.	The	influence	on	the	binding	is	
stronger	 for	 lead	 than	 for	 lead	 oxide,	 though	 Pb	 in	 the	 structure	 becomes	 more	
volatile	than	PbO.	
The	thermodynamic	activity	of	lead	and	lead	oxide	is	higher	in	a	Mn-doped	perovskite	
(the	stability	is	less).	From	this	point	of	view,	 lead	(Pb)	is	certainly,	not	replaced	by	
manganese	(Mn)	in	the	perovskite	structure	inside	of	the	solubility	range.	
But	 the	 situation	 is	 different	 in	 the	 two	 phase	 region,	 that	 means	 outside	 of	 the	
solubility	range.	At	higher	manganese	concentrations,	the	second	phase	has	unsolved	
excess	 Mn	 with	 a	 higher	 chemical	 activity,	 and	 under	 equilibrium	 conditions,	
manganese	shows	the	tendency	to	be	active	enough	to	replace	also	Pb.	This	needs	not	
to	be	evident	under	kinetic	conditions.	
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8 Studies on Sodium Niobate Crystals 

8.1 Reference Sodium Oxide 

8.1.1 Experimental Part on Sodium Oxide 

8.1.1.1 Sample preparation 

Sodium	oxide	 is	very	 reactive	and	has,	even	 in	 its	purest	 form,	up	 to	20%	 traces	of		
sodium	Na(c),	sodium	hydroxide	NaOH(c),	and	sodium	peroxide	Na2O2(c)	and,	even	
sodium	carbonate		Na2CO3(c)	depending	on	synthesis.	Previously,	Na2O(c),	prepared	
with	the	not-easy-to-handle	method	described	by	Zintl	et	al.	[178]	from	sodium	azide,	
5	NaN3	+	NaNO3	=	 3	Na2O	+	8	N2	 (By	 the	way,	 this	 reaction,	 electrically	 initiated,	
takes	place	in	car	airbags	during	an	accident)	was	measured.	It	was	found	out	that	the	
commercially	 available	 product	 (Alfa	 Aesar,	 analytical	 grade)	was	 good	 enough	 for	
the	studies	since	it	was	possible	to	prepare	pure	sodium	oxide	in-situ	in	the	Knudsen	
cell.	Na2O	is	the	most	stable	form	that	allows	cleaning	the	sample	by	vaporizing	away	
the	above-mentioned	impurities	in	lower	oxygen	partial	pressure.		
The	 loss	 of	 sample	by	Knudsen	 effusion	under	Knudsen	 condition	 is	 generally	 very	
low.	This	made	it	possible	even	to	study	four	systems	(Na(c),	NaOH(c),	Na2O2(c)	and	
Na2O(c))	 in	 one	 sample	 in	 four	 stepwise	 processes.	 Nothing	 has	 indicated	 the	
presence	of	Na2CO3(c)	in	my	sample.	In	the	first	step,	the	vapor	of	the	highest	volatile	
trace,	Na(c),	was	 temperature	dependant	measured.	After	measuring	and	 removing	
the	metal	trace,	the	temperature	dependence	of	NaOH(c)	was	studied	in	the	step-two	
process	until	the	sodium	hydroxide	was	gone.	Na2O2(c)	is	the	most	of	the	impurities	
and	this	allowed	a	longer	study	until	it	was	also	removed	(step	three).	
The	end	of	each	step	was	indicated	by	a	change	of	the	slope	of	the	Arrhenius	plot	of	
the	 temperature	 dependent	 vaporization	 results.	 Metallic	 Na(c)	 could	 have	 been	
studied	 in	 two	days,	NaOH	 in	another	 three	days	and	 finally	Na2O2(c)	 in	more	 than	
one	week.	To	be	sure	to	reach	the	main	compound	Na2O(c),	the	final	step	four,	was	a	
isothermal	measurement	over	a	period	of	two	weeks	(312	h)	and	a	data	acquisition	
after	every	six	hours.	The	Na+	 intensity	declined	to	the	signal	strength	representing	
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the	 vapor	 species	 over	 Na2O(c).	 Totally,	 the	 mass	 loss	 during	 the	 stepwise	
measurements	and	cleaning	process	was	about	75%	of	the	initial	mass.	
 

8.2 Results for Sodium Oxide 

8.2.1 Vaporization studies on Na2O: Background 

Metallic	 Na(c)	 could	 have	 been	 studied	 for	 two	 days,	 NaOH	 for	 three	 days	 and	
Na2O2(c)	for	more	than	one	week.	The	end	of	each	step	was	indicated	by	a	change	of	
the	 slope	 of	 the	 Arrhenius	 plot	 of	 the	 temperature	 dependent	 vaporization	 results.	
During	two	weeks	(312	h)	of	isothermal	measurements	the	Na+	intensity	declined	to	
the	signal	strength	representing	the	vapor	species	over	Na2O(c).	
After	 this	 prearrangement,	 thirty	 automatic	 runs	were	 performed	 on	 pure	Na2O(c)	
with	8	to	20	different	temperatures	in	order	to	establish	reliable	data	for	a	reference	
state.	The	identical	automatic	procedure,	applied	to	eight	runs	on	NaNbO3(c)	samples,	
allowed	a	direct	 comparison	of	 the	 ion	 intensities	 in	 the	mass	 spectra.	The	 starting	
temperature	of	the	vaporization	measurements	was	the	lowest	temperature	at	which	
the	vapor	species	could	be	detected	sufficiently	well.	Between	two	temperatures,	with	
steps	of	15	to	30	K	of	heating,	the	overall	waiting	time	to	reach	the	thermodynamic	
equilibrium	state	at	 the	 lowest	 temperature	was	 found	 to	be	15	 to	20	min.	The	 ion	
intensity	signal	was	already	constant	after	this	time	for	at	least	5	minutes.	In	order	to	
provide	additionally	security,	30	minute	waiting	times	were	programmed.	The	same	
way	of	increasing	the	temperature	from	low	to	high	values	as	described	in	Kobertz	et	
al.	[179]	was	treated.			
The	calibration	of	the	Knudsen	cell	-	mass	spectrometer	system	was	performed	by	the	
vaporization	of	pure	silver.	
All	materials	vaporize	and,	under	equilibrium	conditions,	 the	gaseous	phase	defines	
the	thermodynamic	state	of	the	system.	The	vaporization	of	pure	Na2O(c)	was	studied	
by	 Knudsen	 effusion	mass	 spectrometry	 at	 temperatures	 covering	 the	 range	 900	 –	
1165	K.	In	contrast	to	this,	the	vaporization	of	the	solid	NaNbO3(c)	was	studied	in	the	
higher	 temperature	 range,	 1250	 -	 1485	K.	 Both	 systems	were	measured	 under	 the	
same	 conditions	 concerning	 the	 iridium	 Knudsen	 cell	 with	 an	 effusion	 orifice	 (0.3	
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mm),	electron	emission	(0.5	mA)	and	electron	energy	(70	eV).	The	amount	of	sample	
ranged	from	40	to	90	mg.	
Only	 Na+,	 O2+	 and	 Na2O+	 ions	 were	 detected	 in	 the	 mass	 spectra	 produced	 by	
electron	 impact	of	 the	molecules	 in	 the	vapor	over	Na2O(c).	The	 intensity	of	Na2O+	
was	very	small	in	the	range	of	Knudsen	conditions	and	therefore	notnotnotnot	included	in	the	
calculations.	On	baking	out	the	Knudsen	cell	with	a	temperature	of	more	than	200	K	
beyond	the	Knudsen	studies,	the	Na2O+	intensities	would	have	been	high	enough	for	
temperature	 dependent	 results.	 In	 this	 state,	 the	 requirements	 for	 Knudsen	
conditions	 would	 have	 been	 abandoned	 and	 the	 determination	 of	 thermodynamic	
data	would	also	have	been	wrong.	Even	a	 little	signal	of	NaO2+	was	seen	during	the	
non-equilibrium	bake-out	process.		
In	 contrast	 to	 this,	 only	Na+	 and	O2+	 ions	were	detected	over	NaNbO3(c).	After	 the	
studies,	 only	marginal	 intensity	 of	Na2O+	was	 also	 seen	here	during	baking	out	 the	
cell	at	a	temperature	>200	K	above	Knudsen	condition.		
The	 ions	originated	 from	 the	 species	Na(g),	Na2O(g)	 and	O2(g),	 in	accordance	with	
eqs.	(8-1)	and	(8-2)	and,	the	vaporization	is	congruent	for	Na2O(c).	

 

The	equilibrium	constants	for	the	above	given	vaporization	reactions	are:		

 

In	equations	(8-3)	and	(8-4),	p°	=	105	Pa.	The	activity	a	of	Na2O(c)	in	these	equations	
is	equal	to	one.		
 

Na2O(c)	⇔	Na2O(g)	 	 (8-1)	

Na2O(c)	⇔	2	Na(g)	+	0.5	O2(g)	 (8-2)	

K�(8-1) = 	pNa
O(g)p� 	 1
aNa
O(c)	 (8-3)	

K�(8-2) = 	3pNa(g)		p� 4
 �pO
(g)p�
	 	 1

aNa
O(c)	 (8-4)	
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Since	 the	 ion	 intensity	 of	 Na2O+	 was	 very	 weak,	 eq.	 (8-1)	 and	 Kp(8-1)	 were	 not	
evaluated.	
 

8.2.2 Partial pressure determination: Na2O 

Partial	 pressures	 p(i)	 of	 species	 i	 at	 the	 temperature	 T	 over	 the	 samples	 were	
obtained	from	the	equation	(4-11)	

where	k	is	the	pressure	calibration	factor	and	ΣI(i)	is	the	sum	of	the	intensities	of	the	
ions	 originating	 from	 the	 same	 neutral	 precursor	 i.	 In	 case	 of	 silver,	 it	 is	 only	 the	
intensity	of	the	stable	isotope	107Ag.	The	correction	to	100%	intensity	is	done	by	the	
isotopic	abundance	 factor.	η(i)	 is	 the	 isotopic	abundance	 factor	and	σ(i)	represents	
the	ionization	cross	section	of	the	species	(i).	γ(i)	is	the	multiplier	factor	of	ion	(i)	that	
describes	 a	 mass-	 and	 molecule	 structure-dependent	 value	 of	 secondary	 electron	
emission	from	the	first	dynode	of	a	multiplier.	The	value	γ(i)	=	1,	since	I	was	using	an	
ion	counting	system	in	my	KEMS.	The	ionization	cross	sections	used	in	my	pressure	
determination	 for	 the	 gaseous	 species	σ(Na)	 =	 2.77,	σ(O2)	 =	 2.5,	 and	σ(Na2O)	 =	
7.056,	 are	mean	values	 reported	by	Mann	 [153]	 and	Deutsch	et	 al.	 [154,	 155].	 The	
pressure	calibration	factor	k	was	determined	using	silver	vaporization	studies	in	the	
temperature	range	from	990	to	1200	K,	using	the	same	Knudsen	cell	as	in	the	studies	
conducted	 for	 the	oxide	samples.	To	avoid	an	alloying	of	Ag	with	 Ir,	an	Al2O3	 inline	
crucible	was	used.		
Related	to	eq.	(8-5),	the	pressure	of	silver	is	proportional	to	the	product	of	silver	ion	
intensity	 I(Ag+),	 and	 absolute	 temperature	 in	 K:	p(Ag)	 ~	 I(Ag+)	 ∙T.	 The	 Arrhenius	
plot	 of	 ln	 (I(Ag+)	 ∙T)	 versus	 1/T	 is	 a	 linear	 function	with	 a	 slope	 representing	 the	
enthalpy	of	sublimation	(2nd	law	determination,	eq.	(3-1)).	
The	estimated	value	for	the	sublimation	enthalpy	of	silver	according	to	the	2nd	law	of	
thermodynamics	was	ΔÐÑÒH����	×� 	=	279.1	kJ	mol-1	at	the	mean	temperature	of	1080	
K.	This	 is	in	perfect	agreement	with	the	literature	value	reported	in	IVTANTHERMO	
thermodynamic	database	[14].	The	reference	pressure	for	silver	(pAg���	in	eq.	(8-6))	

��	(�) = k	 	∑ ��	 {K� 	L�	M�	 (8-5)	



8  		Studies on Sodium Niobate Crystals	 101	

 

was	 calculated	 from	 the	 equilibrium	 constant	 Kp	 =	 |(~ò)		|¥ 	 taken	 from	 the	 same	
database	[14].		
Integrating	 pAgLit(1100	 K)	=	 1.36	 10-2	 Pa,	 η(Ag)	 =	 0.518,	 σ(Ag)	 =	 4.094,	 ∑ �(�)	{ =
10Ö	mV	K,	and	γ(Ag)	=1,	the	resulting	calibration	factor	k	is	given	by		

The	partial	pressures	of	Na(g)	and	O2(g)	over	Na2O(c)	are	shown	in	Fig.	8-1.	
The	ratio	[n(Na)/n(O2)]	was	taken	in	the	effusate	to	be	4.	By	employing	the	Knudsen	
effusion	 equation	 (2-34),	 this	 assumption	 translates	 to	 [p(Na)/p(O2)]	 inside	 the	
Knudsen	cell	=	4	[M(Na)/M(O2)]0.5.	Concerning	this,	 the	partial	pressure	of	O2	over	
Na2O(c)	follows	the	relation	

The	general	 form	 to	 calculate	 the	2nd	 law	enthalpy	of	 a	 reaction	 in	 the	gas	phase	 is	
given	 by	 the	 natural	 logarithm	 of	 the	 equilibrium	 constant,	 Kp(i),	 of	 the	 desired	
reaction	versus	the	inverse	absolute	temperature	(1/T)	with	eq.	(4-14).	
From	the	partial	pressures	Fig.	8-2,	evaluated	with	the	ion	intensities	at	the	measured	
temperature	(using	eqs.	(8-5)	to	(8-7)),	the	corresponding	equilibrium	constants	for	
reactions	(8-1)	and	(8-2)	were	determined.	The	equilibrium	constant	for	reaction	in	
eq.	 (8-2)	 was	 reorganized	 by	 replacing	 the	 partial	 pressure	 for	 O2,	 p(O2)	 with	 eq.	
(8-7)	to	get	an	oxygen	independent	relation	for	Kp(8-2)	=	0.295	¿®|(NO)

|¥ ³	�	 .		
The	slope	of	the	linear	function	in	eq.	(4-14)	multiplied	by	the	gas	constant,	R	=	8.314	
kJ	 mol-1	 gives	 the	 enthalpy	 of	 the	 reaction	 at	 the	 mean	 temperature	 of	 the	
measurement	under	consideration.	
Fig.	8-1	exemplifies	the	equilibrium	constants	Kp(8-2)	(eq.	(8-2)	as	a	function	of	the	
inverse	absolute	temperature	1/T	of	vapor	species	obtained	in	the	last	20	run	of	the	
sodium	oxide		measurement	series.		 	

P = |QRS¡T(��¥¥	U)	η	V	W
∑ î()	� 	=	(5.7268	±	0.07)	10-8	Pa	mV-1	K-1		 	 (8-6)	

�(O
) = 1
4	�X(O
)X(Na) 	�(Na) = 	0.295	�(Na)	 (8-7)	
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Fig. 8-1: Equilibrium constant Kp(8-2) (involving Na(g) and O2) for Na2O(c) as a function of the 

reciprocal absolute temperature 1/T 

Fig. 8-2: Partial pressures of Na(g) and O2(g) over Na2O(c). 
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8.3 Discussion on Sodium Oxide 

8.3.1 Vaporization of pure Na2O(c) 

The	 purpose	 of	 vaporization	 of	 Na2O(c)	 was	 to	 study	 this	 material	 for	 use	 as	 a	
reference	 for	 the	 determination	 of	 the	 thermodynamic	 activity	 of	 Na2O	 in	NaNbO3.	
From	the	experimental	point	of	view,	and	for	the	advantage	of	a	direct	comparison	of	
ion	intensities,	it	is	necessary	to	measure	the	pure	compound,	since	the	intensities	are	
equipment-dependent	 and	 therefore	 not	 comparable	 with	 intensities	 determined	
elsewhere.	 Table	 8-1	 gives	 an	 overview	 of	 existing	 data	 in	 the	 literature	 from	
different	authors.		
 

Table 8-1: Thermodynamic data of Na2O from different authors at mean experimental temperature Tmean. 
a) Condensed phase Na2O2(c) < 1150 K and Na2O(c) >1150 K 

Source 
Temperature 

Range, K 

Tmean pNa /Pa ∆subH(Tmean) pO2 /Pa ∆subH(Tmean) 

K ln p=A K/T + B kJ mol-1 ln p=A K/T + B kJ mol-1 

Kobertz (this work) 900 - 1100 1000 -28923/T + 24.67 242.60 -28923/T + 23.45 242.60 

Popovic [85] 873 - 1003 940 -28220/T + 25.75 234.62   

Brewer [86-88] 1000 - 2040 1520 -28402/T + 25.98 236.14   

Klemm [89] 700 - 1000 850 -32236/T + 29.95 268.01 -32236/T + 28.56 268.01 

Kröger [90] 1041 - 1093  1062 -36881/T + 21.98 306.63   

Hildenbrand [91] 1033 - 1114 1075 -28943/T + 32.70 240.64 -28897/T + 29.24 240.25 

Hildenbrand [92] 984 -1056 1020 -30363/T + 27.71 252.44   

Lamoreaux [93] a) 1200 - 1400 1300 -35410/T + 19.23 294.40   

Piacente [94] 1144 - 1304 1220 -27447/T + 24.17 228.19   

Steinberg [95] 1000 - 1600 1300 -28757/T + 26.66 239.09 -29547/T + 22.05 245.65 

Ivtanthermo [14] 910 - 1110 1000 -29146/T + 26.31 242.32   

 

Most	of	the	differences	are	related	to	the	quality	of	Na2O(c).	As	described	in	Chapter	
10.1.,	 sodium	 oxide	 has	 impurities	 that	 have	 significant	 effect	 on	 the	 content	 and	
properties	of	the	vapor	phase.		
The	 main	 consensus	 in	 the	 literature	 concerns	 the	 molecules	 Na(g)	 and	 O2	 as	 the	
dominant	 species	 in	 the	 vapor	 over	 this	 oxide.	 A	 subject	 of	 debate	 is	 the	 effect	 of	
additional	 gas	molecules,	 such	 as	Na2O(g),	NaO(g)	or	NaO2(g),	 as	part	 of	 the	 vapor	
phase	 over	 sodium	 oxides.	 Indeed,	 it	 is	 important	 to	 know	 all	 about	 additional	
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molecules	 in	 the	 vapor	 phase,	 especially	 when	 their	 presence	 will	 influence	 the	
ionization	 processes.	 This	 would	 be	 rigorous	 if	 these	 molecules	 are	 involved	 in	
fragmentation	 and	 the	main	 ion	 has	 to	 share	 its	 intensity	with	 the	 intensity	 of	 the	
same	ion,	but	from	another	origin.	
Only	 Na(g)	 and	 O2(g)	 were	 observed	 under	 Knudsen	 condition	 as	 essential	 vapor	
species	in	an	amount	sufficient	for	the	determination	of	the	thermodynamical	data.	
Twenty	 temperature	 dependent	measurements	with	 fresh	 Na2O(c)	 has	 shown	 that	
the	ion	intensities	and	temperature	ranges	were	changing.	In	the	beginning,	Na+	was	
already	 seen	below	300	 °C	and	eight	measurements	between	400	and	600	 °C	were	
related	 to	 the	 sublimation	 of	 Na(c).	 The	 sodium	 ion	 intensity	 decreased	 and,	 in	 a	
range	between	700	and	900	°C,	I	could	allocate	the	vaporization	to	NaOH(c).	Between	
850	and	1200	°C,	the	sublimation	enthalpy	was	related	to	Na2O2(c).	To	continue	the	
evaporation	loss	to	remove	the	peroxide,	an	isothermal	section	over	312	h	(13	days)	
at	650	°C	followed.	The	intensity	of	Na+	was	recorded	every	six	hours	and	I	found	that	
the	 signal	 decreased	by	 about	 a	 factor	 of	 two	and	became	 constant	 after	48	 h.	The	
temperature	 dependence	 showed	 a	 steeper	 slope	 in	 the	 Arrhenius	 plot	 and	 this	
stayed	 constant	 in	 thirty	 following	measurements.	Although	 the	 temperature	 range	
for	Na2O2(c)	was	the	same	as	for	Na2O(c),	it	was	possible	to	distinguish	them	by	their	
sublimation	enthalpy,	which	is	higher	for	Na2O(c).		
The	vapor	phase	was	different	over	the	different	samples,	but	always	dominated	by	
Na(g).	Additional	sodium-containing	molecules	under	Knudsen	condition	were	NaO+	
over	NaOH(c)	and	Na2O+	 over	Na2O2(c).	Very	 little	Na2O+	 (about	10-4	 times	 that	of	
Na+)	was	observed	up	to	100	K	higher	than	the	upper	temperature	limit	of	Kundsen	
conditions.	
In	summary:	On	the	way	to	a	pure	sample	in	equilibrium,	the	vapor	phase	undergoes	
different	heterogeneous	stages	during	a	“cleaning	process”	(evaporating	of	the	above	
mentioned	 impurities),	 and	 finally	 ends	 with	 a	 vapor	 over	 Na2O(c)	 that	 is	 nearly	
totally	represented	by	Na(g)	and	O2.	This	is	important	and	implies	that	the	sample	is	
not	pure	Na2O(c),	 if	 other	molecules	 appear	 in	 the	 vapor	beside	Na(g)	 and	O2.	 The	
sublimation	enthalpy	 for	Na(g),	Y�Z[�����	�� 	=	242 ± 2.3	kJ	mol-1	and	Y�Z[�����	�� 	=	
240	kJ	mol-1	±	1.7	(third	law)	were	obtained.	
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It	is	one	of	the	advantages	of	KEMS	to	afford	an	in-situ	cleaning	process	as	well	as	the	
study	of	a	sample	under	equilibrium	conditions.	
	

8.4 Conclusions for the Reference Sodium Oxide 

Sodium	oxide	has	impurities	that	have	significant	effect	on	the	content	and	properties	
of	the	vapor	phase.	The	vapor	of	Na2O(c)	will	be	dominated	by	the	sodium	containing	
impurities,	 like	Na(c),	NaOH(c)	 and	Na2O2(c),	which	 have	 a	 higher	 thermodynamic	
activity	of	sodium	than	in	Na2O(c).	
With	a	special	multiple	step	process	and	vaporizing	away	more	than	75%	of	the	total	
initial	 mass,	 the	 vapor	 over	 pure	 Na2O(c)	 could	 be	 reasonably	 measured.	 Mainly	
Na(g)	and	O2(g)	were	observed	under	Knudsen	condition	as	essential	vapor	species	
in	an	amount	sufficient	 for	 the	determination	of	 the	thermodynamical	data.	The	 ion	
intensity	of	Na2O+	was	very	weak	to	use	it	for	the	evaluation.		
The	main	consensus	in	the	literature	of	the	molecules	Na(g)	and	O2	as	the	dominant	
species	in	the	vapor	over	Na2O(c)	could	be	confirmed.	Additional	molecules,	such	as	
NaO(g)	 and	 NaO2(g),	 as	 part	 of	 the	 vapor	 phase	 over	 sodium	 oxides	 could	 not	 be	
observed.		
Thirty	 (30)	 temperature	 dependant	 vaporization	 studies	 on	 Na2O(c)	 were	
intrinsically	 consistent	 and	 have	 given	 a	 particularly	 suitable	 reference	 for	 the	
determination	of	the	thermodynamic	activity	of	sodium	in	sodium	niobate.		
The	 sublimation	 enthalpy	 for	Na(g),	Y�Z[�����	�� 	=	242 ± 2.3	 kJ	mol-1	 (2nd	 law)	 and	
Y�Z[�����	�� 	=	240	kJ	mol-1	±	1.7	(3rd	law)	were	obtained.	
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8.5 Sodium Niobate Sample 

8.5.1 Experimental Part NaNbO3 

8.5.1.1 Sample description 

Sodium	niobate	crystals	have	been	obtained	from	a	high	temperature	Na2CO3	–	Nb2O5	
–	 B2O3	 melted	 salt	 solution.	 A	 Pt	 crucible,	 filled	 with	 the	mixture,	 was	 placed	 in	 a	
furnace	with	a	 temperature	gradient	 in	order	 to	provide	 convection	of	 the	 solution	
constituents.	The	mixture	was	grown	 from	NaBO2	 solvent	 in	 the	 temperature	range	
from	 1125	 to	 920	 °C.	 As	 a	 result,	 almost	 colorless,	 transparent	 sodium	 niobate	
crystals	 were	 obtained.	 The	 shape	 of	 the	 crystals,	 with	 a	 dimension	 up	 to	 several	
millimeters,	were	cubes	and	platelets	obtained	by	A.	Kania	[180]).		
The	 XRD	 patterns	 at	 room	 temperature	were	 identified	 and	 indexed	 in	 accordance	
with	orthorhombic	symmetry	with	space	group	Pbcm	 (ICDD	catalogue	No.	57),	and	
were	 in	 agreement	 with	 literature	 data.	 The	 lattice	 parameters	 values	 determined	
were	a=5.501Å,	b=5.666Å	and	c=15.520Å.	Kruczek	et	al.	[180],	Sakowski-Cowley	et	
al.	[181],	Molak	et	al.	[182].	
The	 content	 of	 impurities	 has	 been	 conducted	 by	 a	 trace	 analysis	with	 Inductively	
Coupled	 Plasma	 Optical	 Emission	 Spectroscopy	 (ICP-OES)	 (Table	 8-2).	 Traces	 of	
many	elements	are	below	one	ppm-wt	and	the	highest	concentration	is	of	300	ppm-
wt	(0.03	wt%).	The	occurrence	of	these	impurities	originates	in	the	chemicals	used	in	
the	growth	technology	(Kruczek	et	al.	[180]).	
In	the	studies	of	the	condensed	phase,	any	contamination	will	influence	the	results	of	
the	deduced	properties,	since	the	species	are	always	in	contact	with	each	other.		
In	contrast	to	this,	the	quality	of	the	crystals	is	very	high	in	terms	of	the	vaporization	
studies.	The	Knudsen	mass	spectrometer	has	a	detection	limit	of	about	ppa-mol	(10-18	
mols)	and	this	enables	detection	of	any	of	 the	trace	elements	given	 in	Table	8-2.	As	
long	as	these	elements	are	not	involved	in	vapor	phase	reactions,	they	will	not	disturb	
the	equilibrium	constant.	Under	Knudsen	conditions,	all	gas	species	behave	 ideal.	 If	
the	trace	elements	were	involved	in	condensed	phase	processes,	which	would	change	
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the	vaporization	behavior,	then	they	would	have	been	found	and	detected	in	the	mass	
spectra.	
 

Table 8-2: Trace element analysis of NaNbO3 sample by ICP-OES. The concentration is given in wt%. The 
standard error is 0.01 wt%. 

NaNaNaNa				 NbNbNbNb				 OOOO				 AlAlAlAl				 AsAsAsAs				 FeFeFeFe				 KKKK				 NiNiNiNi				 SrSrSrSr				 TiTiTiTi				 Zn	Zn	Zn	Zn					
13.9	±	2	 56.7	±	2	 28.6	±	1	 <0.03	 <0.01	 <0.013	 <0.03	 	<0.05		 	<0.02		 <	0.6	 <1.14	

 
The other trace elements are below 0.0001wt%. 

 

8.6 Results for Sodium Niobate 

8.6.1 Vaporization studies NaNbO3 

The	vaporization	of	the	solid	NaNbO3(c)	was	studied	in	the	temperature	range	1250	-	
1485	K	in	the	same	iridium	Knudsen	cell	as	for	Na2O(c)	with	an	effusion	orifice	(0.3	
mm),	electron	emission	(0.5	mA),	and	electron	energy	(70	eV).	The	amount	of	sample	
ranged	from	40	to	90	mg.	
Only	 Na+	 and	 O2+	 ions	 were	 detected	 over	 NaNbO3(c).	 After	 the	 studies,	 only	
marginal	 intensity	 of	 Na2O+	 was	 also	 seen	 here	 during	 baking	 out	 the	 cell	 at	 a	
temperature	>200	K	above	Knudsen	condition.		
The	ions	originated	from	the	species	Na(g)	and	O2(g)	over	NaNbO3(c),	in	accordance	
with	 eqs.	 (8-8)	 to	 (8-13),	 and	 the	 reactions	 show	 incongruent	 vaporization.	
Considering	 the	 phase	 diagrams,	 (Fig.	 8-8	 and	 Fig.	 8-9),	 the	 reactions	 (8-11)	 and	
(8-12)	are	possible	 in	 terms	of	 the	 condensed	phase	 state.	They	do	not	play	a	new	
role	in	the	vaporization	studies	and	determination	of	the	sodium	oxide	activity,	since	
the	 equilibrium	 constant	 K�(8-11)	 and	 ��(8-12)	 would	 be	 equal	 to	 K�(8-10)	 (eq.	
(8-16)),	and	the	vapor	phase	is	only	dominated	by	Na(g)	and	O2.	These	reactions	are	
neglected,	 at	 first	 because	 they	will	 not	 provide	 other	 results	 and,	 second,	 that	 the	
compounds	 involved	 in	 the	 reaction	are	 controversial	 as	discussed	 in	 the	 literature	
(Näfe	[2],	Irle	et	al.	[97],	Reisman	et	al.	[98],	Shafer	et	al.	[99],	Appendino	[100],	Roth	
et	al.	[101]).	
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The	equilibrium	constants	for	the	above	given	vaporization	reactions	are:		

 

In	all	equations	(8-14)	to	(8-17),	p°	=	105	Pa.	The	activity	aNbO2(c),	aNb2O5(c)	and	
aNaNbO3(c)	in	equations	(8-14)	to	(8-17)	is	equal	to	1.		
Ions	of	niobium-containing	gas	species	were	not	detected	in	the	temperature	range	in	
which	sodium	niobate	samples	were	studied.		
 

2	NaNbO3(c)	⇔	2	Na(g)	+	O2(g)	+	2	NbO2(c)	 (8-8)	

NaNbO3(c)	⇔	Na(g)	+	0.5	O2(g)	+	NbO2(c)	 (8-9)	

2	NaNbO3(c)	⇔	2	Na(g)	+	0.5	O2(g)	+	Nb2O5(c)		 (8-10)	

4	NaNbO3(c)	⇔	2	Na(g)	+	0.5	O2(g)	+	Na2Nb4O11(c)	 (8-11)	

3	NaNbO3(c)	⇔	2	Na(g)	+	0.5	O2(g)	+	NaNb3O8(c)	 (8-12)	

NaNbO3(c)	⇔	Na(g)	+	0.25	O2(g)	+	0.5	Nb2O5(c)	 	 (8-13)	

K�(8-8) = 	3�Na(g)		�� 4
 	�O
(g)�� 	 	(·NbO
(c))

	

	¨·NaNbO�(c)©

	 (8-14)	

K�(8-9) = 	�Na(g)
		

�� 	��O
(g)��
	 	 		·NbO
(c)	·NaNbO�(c)	 (8-15)	

K�(8-10) = 	3�Na(g)		�� 4
 	��O
(g)��
	 	 		·Nb
OÖ(c)	

	¨·NaNbO�(c)©

	 (8-16)	

K�(8-13) = 	�Na(g)
		

�� 	��O
(g)��
\ 		 	�·Nb
OÖ(c)	�·NaNbO�(c)	 (8-17)	
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8.6.2 Partial pressures over sodium niobate 

Partial	 pressures	 p(i)	 of	 species	 i	 at	 the	 temperature	 T	 over	 the	 samples	 were	
obtained	in	accordance	with	equation	(8-9)	using	the	same	variables	and	calibration	
factor	determined	by	eq.	(8-6).		
Although	 the	 vaporization	 process	 is	 incongruent,	 it	 was	 assumed	 that	 they	 are	
congruent	 with	 respect	 to	 the	 component	 Na2O	 based	 on	 the	 evidence	 that	 the	
vaporization	 proceeds	 along	 the	 Na2O-NbO2	 binary	 line	 (that	 is,	 the	 vaporization	
producing	NbO2(c)	as	the	second	phase,	reactions	(8-8)	and	(8-9)).	The	Na2O-Nb2O5	
binary	line	with	Nb2O5(c)	as	second	phase	product	could	also	be	possible,	if	no	other	
compound	would	be	 in	between	on	 this	 line.	 (More	about	 this	under	 “Discussion”).	
Two	different	ratios	[n(Na)/n(O2)]	in	the	effusate	can	be	taken	under	consideration.	
By	 employing	 the	 basic	 Knudsen	 effusion	 equation,	 this	 assumption	 translates	 to	
[p(Na)/p(O2)]	 inside	 the	 Knudsen	 cell	 to	 be	 2	 or	 4	 times	 [M(Na)/M(O2)]0.5.	 The	
partial	 pressure	 of	 O2	 in	 a	 reaction	 where	 the	 ratio	 of	 Na/O2	 is	 4/1	 follows	 the	
relation	

and	for	the	ratio	2/1	

The	partial	pressures	of	Na(g)	and	O2(g)	over	NaNbO3(c)	are	shown	in	Fig.	8-3.	
From	 the	 partial	 pressures,	 evaluated	 by	 using	 eqs.	 (8-5),	 (8-6),	 (8-18)	 and	 (8-19)	
with	 the	 ion	 intensity	at	 the	measured	 temperature,	 the	 corresponding	equilibrium	
constants	 for	 reactions	 (8-8),	 (8-9),	 (8-10)	 and	 (8-13)	were	 determined.	To	 get	 an	
oxygen	 independent	 relation	 for	 the	 equilibrium	 constants,	 the	 reactions	 in	 the	
equations	(8-14)	to	(8-17)	were	reorganized	by	replacing	the	partial	pressure	for	O2,	
p(O2)	with	eqs.	(8-18)	and	(8-19)		
	

�(]
) = �
� 	¿À(^°)

À(NO) 	�(_·) = 	0.295	�(_·),	 (8-18)	

�(]
) = �

 	¿À(^°)

À(NO) 	�(_·) = 0.590	�(_·).	 (8-19)	
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Fig.	8-4	exemplifies	the	equilibrium	constants	Kp(i),	(equations.	(8-14)	to	(8-17)),	as	
a	function	of	the	inverse	absolute	temperature,	1/T	of	vapor	species	obtained	in	the	
last	3	runs	of	a	measurement	series.		
	
 	

Kp(8-8)	=	0.590	 ®|(`Õ)|¥ ³	�	 Kp(8-9)	=	0.768	¿®|(`Õ)|¥ ³	�	 	

Kp(8-10)	=	0.543	¿®|(`Õ)|¥ ³	Ö	 	 Kp(8-13)	=	0.737		¿®|(`Õ)|¥ ³	Ö\ 	

Fig. 8-3: Partial pressures of Na(g) and O2(g) over NaNbO3(c) 
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8.6.3 Thermodynamic activities of Na2O in NaNbO3 

The	mass	spectra	data	of	Na2O	and	NaNbO3	do	not	have	a	common	temperature	range	
for	both	 studies	under	 consideration.	 Since	 the	R²	 -value	of	 the	 linear	 regression	 is	
close	 to	 one,	 an	 extrapolation	 of	 the	 linear	 function	 for	NaNbO3	 100K	was	 done	 to	
lower,	 and	 for	Na2O	 100K	 to	 higher	 temperature.	 The	 extrapolated	 common	 range	
(1100	–	1250	K)	 allowed	determination	 the	 thermodynamic	 activities	 of	 sodium	 in	
sodium	niobate	with	equations	((8-20),	(8-21),	respectively.	
The	equilibria,	given	in	the	chemical	reactions	of	equations	(8-8)	and	(8-9),	allowed	
the	evaluation	of	thermodynamic	activity	for	Na2O	with	eqs.	(8-20),	(8-21)	using	the	
equilibrium	constants	Kp(8-2)	(eq.	(8-4))	and	Kp(8-8),	Kp(8-9)	(eqs.	(8-14),	(8-15))	
or,	alternatively,	using	the	measured	ion	intensity	ratios	(eqs.	(8-20),	(8-21)):			

Fig. 8-4: Equilibrium constants Kp(8-8), Kp(8-9), Kp(8-10) and Kp(8-13) involving Na(g) and O2(g)) over 

NaNbO3(c) as a function of the reciprocal absolute temperature 1/T 
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or	

	
From	the	temperature	dependent	Kp	ratios	between	1100	and	1250	K,	the	numerical	
correlation	of	the	thermodynamic	activity	of	Na2O	in	sodium	niobate	is	given	by:	

 

Equilibrium	constants	and	partial	pressure	functions	are	collected	in	Table	8-3	
 

Table 8-3: Equilibrium constants according to eq. (8-4) and (8-14) to (8-17), partial pressure of Na(g), 
O2(g), over Na2O(c) and NaNbO3(c), and the thermodynamic activity of Na in NaNbO3 samples. Kp(8-8) and 
Kp(8-10) are for 2 mol NaNbO3(c) 

Equilibrium constant 
Temperature 

range /K 

ln Kp = A 
0
�+ B -(�)= !("	0�	Û#)		 

A B A B 

Kp(8-2) (eq. (8-4)) 900 - 1165 -72310.3 32.28 0 0 

Kp(8-8) (eq. (8-14)) 1250 - 1465 -167092.2 70.98 -10409 2.37 

Kp(8-9) (eq. (8-15)) 1250 - 1465 -83456.2 35.49 -10409 2.37 

Kp(8-10) (eq. (8-16)) 1250 - 1465 -139244.2 58.98   

Kp(8-13) (eq. (8-17)) 1250 - 1465 -69622.2 29.49   

Molecule  (source)  
ln p /Pa = A 

0
� + B 

p(i)1200K /Pa a 1200 K 
A B 

Na  (Na2O) 
900 - 1165 

-28923.9 24.67 1.76 10 0 
1 

O2  (Na2O) -28923.9 23.45 5.18 10-1 

Na  (NaNbO3) 
1250 - 1465 

-55697.4 35.45 1.57 10-5 
1.82 10-3 

O2 (NaNbO3) -55697.4 34.48 6.53 10-6 

  

·(�)(Na
O) = �.Ö	��(���)	
��(��
) 	= (|`Õ)°	()aüa�b� 	|�°	()

		aüa�b� 	
(|`Õ)°		()aü°b		¿|¥	|�°	()

			aü°b = �î°¨`Õó©	î(�°ó)				 	NaNbO3(�)		
		cî°(`Õó)	¿î(�°ó)		

		d	NO°O					(�)					
,	 (8-20)	

·(�)(Na
O) = ��(���)	
��(��
)	=

�¥	|`Õ()aüa�b� 	¿|�°	()
		aüa�b� 	

(|`Õ)°		()aü°b		¿|�°	()
			aü°b = cî¨`Õó©	¿î(�°ó)		

		d	NaNbO3(�)		
		cî°(`Õó)	¿î(�°ó)		

		d	NO°O					(�)					
.	 (8-21)	

·(�)(Na
O) = �������		��Û
.���	 (8-22)	
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8.6.4 Heat capacity at constant pressure for sodium niobate 

Five	 structure	 changes	 were	 observed	 in	 the	 temperature	 range	 between	 600	 and	
1000	K	during	the	dynamic	caloric	scan	of	NaNbO3	(Fig.	8-5).	The	transitions	at	639	K	
(considering	the	extended	black-dotted	trend	line)	and	at	753	K	showed	the	tendency	
of	 a	 λ	 (lambda)	 shape	 that	 would	 be	 typical	 for	 a	 higher-ordered	 transition	
concerning	 the	 former	 classification	 (Ehrenfest	 [15],	 Thorn	 [156])	 (see	 Fig.	 4-5).	
More	details	can	be	found	in	chapter	4,	Section	4.	The	deviation	in	the	best-fit	curve	
for	the	polynomial	function	was	<	±0.3	J	mol-1	K-1	and	the	standard	deviation	of	four	
runs	was	±	2.1	J	mol-1	K-1.	
The	heat	capacity	steadily	increased	up	to	a	structural	phase	change	at	639	K.	After	a	
step	down,	the	DSC	signal	continued	increasing	to	a	maximum	at	~790	K,	followed	by	
a	decrease,	and	then	remaining	nearly	constant	at	high	temperature	beyond	1200	K.	
The	polynomial	coefficients	ci	(i	=	1,	2,	3,	4,	5)	were	calculated	following	a	standard	
mode	 given	 in	 IVTHANTHERMO	 [14],	 independently	 for	 low	 and	 high	 temperature	
ranges	The	function	for	the	heat	capacity	is	given	in	equation	(4-20).		
Table	 8-4	 shows	 the	 values	 of	 the	 coefficients	 for	 the	 six	 phase	 regions.	 The	 heat	
capacity	�|	(�)� 	was	calculated	using	the	polynomial	eq.(4-20)	and	the	coefficients	c(i)	
(i	=	1,	2,	3,	4,	5)	from	Table	8-4	and,	the	entire	graph	is	shown	in	Fig.	8-6.	The	colored	
trend	lines	in	Fig.	8-5	are	also	the	calculated	polynomials	of	the	six	branches	(R,	S	and	
T1,	T2	are	drawn	together)	to	figure	out	their	position	in	the	DSC	measurement.		
 

Table 8-4: Polynomial coefficients concerning equation (4-20) to calculate the heat capacity, �$	(�) , in J 

mol-1 K-1 for temperatures between 298 - 1450 K in the different stated phases 

Temperature 
range /K 

Phase c1 c2 c3 c4 c5 

298  -  639 P 4.512621 101 1.901478·10-8 2.518104 103 -3.028705·104 1.540503·105 

639  -  753 R 2.228957 102 2.839613·10-4 -5.38493 103 8.810646·104 -4.546659·105 

753  -  792 S 9.389365 103 -5.370131 100 -2.448648 105 2.434096 106 -8.625167 106 

792  -  840 T1 -5.017151 102 -1.175324 10-1 2.369319 104 -2.841543 105 1.106266 106 

840  -  907 T2 1.890254 104 -1.47253 101 -4.234192 105 3.578213 106 -1.075366 107 

907 - 1450 cubic 1.846042 102 5.461411 10-6 -1.245124 103 7.080005 103 -1.222986 104 

  



8  		Studies on Sodium Niobate Crystals	 114	

 

 

Fig. 8-6:  Heat capacity (��	(�)� ) of NaNbO3(c) between 298 and 1450 K calculated from own 

experimental DSC and drop calorimeter data with the module “Cp approximation” of IVTANTHERMO 

[14] 

Fig. 8-5: DSC response (points) of NaNbO3(c) between 298 and 1450 K. The transition temperatures 

and phases are specified in each case and the trend of the heat capacity is marked with four lines in 

color. The source for the trend line lies in the polynomial functions described by the coefficients in 

Table 8-4. The black dots are the aid line to emphasis the form of a possible lambda shape. 
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8.6.5 Heat content 	(#(�)-#($%&)), Enthalpy of transition ∆+)(#(%&'(),  
Entropy ∆)(�) 

The	 enthalpy	 increment	 can	 be	 derived	 from	 the	 heat	 capacity	 ���	 polynomial	 (eq.	
(4-20))	using	following	integral	equation:		

 

The	results	of	the	calculation	are	given	in	Table	8-8.	
The	enthalpy	of	the	phase	transitions	in	NaNbO3(c)	were	determined	stepwise	with	
the	drop	calorimeter.	NaNbO3(c)	pieces	were	dropped	in	one	experiment	above,	and	
in	another	experiment	below	the	transition	temperature.	To	deduce	 the	enthalpy	at	
the	 transition	 temperature,	 ∆������� ,	 the	 drop	 values	 were	 corrected	 either	 by	
subtracting,	or	by	adding,	 the	enthalpy	differences	between	 the	drop	and	 transition	
temperature	(eq.	(8-24))).	These	differences	were	calculated	from	the	integral	of	the	
���	polynomial	using	eq.	(8-23)).	See	Kobertz	et	al.	[179]	for	more	details.	

 

From	the	enthalpy	of	transition,	the	related	entropy	of	the	transition	is	expressed	by	
eq.	(8-25)).		

 

Here	 trT	 =	 transition	 temperature,	 drpT	 =	 drop	 temperature,	 ab	 =	 above,	 and	
be=below.		
The	results	for	the	enthalpy	and	entropy	of	each	transition	are	in	Table	8-5.	
 	

∆��� = ��� − �
��.�Ö� = Ú �|	(�)� 	�{�

��.�Ö .	 (8-23)	

∆�������� 	= 	 �¨�r��� 	–�
��� © − ¨�r��� 	–����� © O[
	 −	 �¨�r��� 	–�
��� © +

¨�r��� 	–����� © [o	.	 (8-24)	

∆�������� = ∆��������
¹�{ 	 (8-25)	
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Table 8-5: Enthalpy and entropy of the phase transitions ∆+)(#+)� , ∆+)(5�  in NaNbO3(c) and their 
corresponding transition temperatures, trT = transition temperature, drpT =drop temperature 

 P ↔ R R ↔ S S ↔ T1 T1 ↔ T2 T2 ↔ cubic 

Drop temperature trT/K 
below 623  718  763 809 869 

above 669 763 809 869 934 

Transition temperature trT/K 639 753 792 840 907 

Transition enthalpy ∆������ /J mol-1 1019 94 679 757 1047 

Transition entropy  ∆������ /J mol-1 K-1 1.59 0.12 0.86 0.90 1.15 

	
For	 a	 comparison	 of	 the	 transition	 enthalpies	 with	 literature,	 see	 Table	 8-10	 in	
Chapter	10.	
The	determination	of	the	entropy	increment	in	J	mol-1	K-1	followed,	by	analogy	from	
the	 equation	 for	 the	 heat	 capacity,	 eq.	 (4-20).	 Values	 determined	with	 eq.	 (8-26))	
(below)	for	the	entropy	are	given	in	Table	8-8.	

 

8.6.6 Enthalpy of formation and reaction of solid NaNbO3(c):  

theoretical approach 

The	 general	 formula	 for	 calculating	 the	 molar	 enthalpy	 of	 formation	 is	 given	 in	
following	equation.	

 

It	 includes	 the	 sum	 of	 stoichiometric	 amounts	 of	 the	 heat	 of	 formation	 for	 the	
involved	 elements	 or	 compounds	 (reactants)	 plus	 the	 enthalpy	 of	 reaction	 for	 the	
desired	chemical	reaction.	In	case	of	reactants	under	standard	conditions	with	∆s�
��� 	
=	0,	then	∆s�
��� 	is	equal	to	∆��
��� .	Since	both	values	are	not	available	for	NaNbO3(c)	
empirical	and	experimental	methods	to	obtain	the	enthalpy	were	applied.	
	

∆���	 = ��� −	�
��.�Ö� = § �|	(�)�
{ 	�{

�


��.�Ö
	 (8-26)	

∆s�
��� (��º��¸¹) = 	∑ �� ∆s�
��� (�)(��·¸¹·�¹¼) + ∆��
��� (��·¸¹�º�).	 (8-27)	
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The	 heat	 of	 reaction	 and	 formation	 for	 the	 chemical	 reaction	 represented	 in	 eq.	
(8-28))	 to	 synthesize	 sodium	 niobate	 from	 the	 constituent	 oxides	 was	 empirically	
deduced.	

 

 

The	mean	value	of	the	enthalpy	of	formation,	∆Ó�
��� 	,	 from	Landolt-Börnstein	[158],	
IVTANTHERMO	 [14]	 and	 Kubaschewski	 et	 al.	 [123]	for	 the	 oxides	 Na2O(c)	 and	
Nb2O5(c)	was	used	in	the	calculation	
∆Ó�
��� ¨_·_�]�(¸)©,	 and	 the	 heat	 of	 reaction	 ∆��
��� 	 in	 eq.	 (8-29))	 were	 obtained	
with	different	empirical	approaches	and	the	results	are	reported	in	Table	8-6.	
Shigemi	 et	 al.	 [106]	 have	 used	 first-principles	 with	 plane-wave	 pseudo	 potential	
calculation.	Reznitski	[110]	has	calculated	the	heat	of	reaction	using	the	enthalpies	of	
changes	δH	in	the	cation	coordination	number	(∆rH		=	-31.3	+	0.84	ΣδH	kJ	mol-1)	or	
from	 a	 function	 (∆rH	 	=	 2	 [-60	+	500(1-α)]	 kJ	mol-1	 including	Goldschmidt’s	 [111]	
tolerance	factor	for	ABO3	perovskites,	α	=	(RA	+	RO)/√2	(RB	+	RO).	The	approaches	of	
Voskrenskaya	 et	 al.	 [112],	 Lindemer	 et	 al.	 [113]	 and	 Yungman	 [114]	 are	 based	 on	
coefficients	 of	 linear	 functions	 of	 common	 properties	 in	 homologous	 series.	 The	
enthalpy	 as	 a	 function	 of	 the	 number	 of	 oxygen	 (O)	 in	 oxides	 was	 introduced	 by	
Tsagareishvili	et	al.	[115]	(∆fH		=	-29.288	n(O)	kJ	mol-1).	Moiseev	et	al.	[116]	((∆fH	=	
-16.0485	n(O)	kJ	mol-1)	has	revised	the	function	of	[115]	to	calculate	the	enthalpy	for	
complex	molecules	with	up	to	50	atoms.	All	empirically	obtained	values	for	the	heat	
of	 reaction	 and	 formation,	 except	 that	 of	 Tsagareishvili	 [115],	 are	 higher	 than	my	
experimental	one	(Table	8-6).	
	
 	

0.5	Na2O(c)	+	0.5	Nb2O5(c)	⇒	NaNbO3(c)	 (8-28)	

∆s�
��� ¨NaNbO�(c)© =	
						= 	0.5	[∆s�
��� ¨Na
O(c)© + ∆Ó�
��� ¨Nb
OÖ(c)©] + ∆«�
��� ((8-28)).	 (8-29)	
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8.6.7 Enthalpy of formation and reaction of solid NaNbO3(c):  

experimental approach. 

Experimentally,	 the	 heat	 of	 reaction,	 ∆«H
��� 	 for	 NaNbO3(c)	 was	 determined	 using	
three	 different	 approaches,	 including	 vaporization	 and	 condensed-phase	 studies	 of	
the	reaction	in	eq.	(8-30).	

 

The	 heat	 of	 reaction,	 ∆����(NaNbO�(c)),	 was	 evaluated	 on	 the	 one	 hand	 from	 the	
partial	 sublimation	 enthalpy	 of	 Na(g),	 determined	 from	 vaporization	 of	 sodium	
niobate,	and	on	the	other	hand	from	the	activity	of	sodium	oxide	 in	sodium	niobate	
deduced	from	equations	(8-20),	(8-21))	and	derived	from	partial	pressure	data.	The	
relation	for	this	calculation,	eq.	(8-31)	gives	the	reaction	enthalpy	from	the	slope	of	
the	function	ln( ·NO°^	)	vs.	1/T	deduced	from	eq.	(8-22)).	

 

The	third	approach	uses	the	heat	capacity	data	from	condensed	phase	studies	and	the	
equilibrium	constants	for	reaction	(8-30)	to	determine	the	sigma-plot	functions.	For	
more	about	 this	approach	see	section	6.3.11,	Σ-plot	determination.	The	data	 for	 the	
heat	of	formation	at	temperature	T		for	Na(g),	Nb2O5(c)	were	taken	from	the	database	
in	 [14].	Table	8-6	 summarizes	measured	data	and	calculated	 results	 for	 the	heat	of	
formation	and	reaction	of	sodium	niobate.	The	mean	values	of	∆«�
��� (NaNbO�(c))	=	
−94.3	 ± 6		kJ	mol��	and	of	∆s�
��� ¨NaNbO�(c)©	=	−1250.8	 ± 7		kJ	mol��,	as	deduced	
from	my	measurements,	were	used	for	further	calculations.	
 	

	∆Ó���¨Na(g)© + 0.5	∆Ó���¨O
(g)© + ∆s���¨_�]
(¸)© + ∆����¨NaNbO�(c)©	
										= ∆Ó���¨NaNbO�(c)©.	

(8-30)	

ln( ·NO°^	) = 	−	∆����e	 	1{ +	
∆����
R 	 (8-31)	
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Table 8-6: Results for the heat of formation ∆fH(NaNbO3(c)) and the heat of reaction ∆rH(NaNbO3(c)) at 
298 K, and a comparison with available literature data. The heat of formation, in use for the single oxides 
are mean values from [123], [14] and [158]. Bold values are experimental data, italic are empirical. All 
enthalpy values are in kJ mol-1 

Source 
∆fH 

Na2O(c) 

∆fH 

Nb2O5(c) 

∆rH 

NaNbO3(c) 

∆fH 

NaNbO3(c) 

Landolt-Börnstein [158] -416.3 -1898.3   

IVTANTHERMO [14] -414.6 -1897.0   

Kubaschewski et al. [123] -415.1 -1899.5   

Pozdnyakova et al. [96]  

-414.6 -1898.3 

-153.46 -1312.2 

Xu et al. [3] -157.40 -1314.6 

Reznitski [110] -150.00 -1306.6 

Shigemi et al. [106] -140.73 -1298.0 

Lindemer et al. [113] -159.73 -1317.0 

Yungman [114] -151.23 -1308.5 

Voskrenskaya et al. [112], revised ∆fH oxides -112.67 -1269.2 

Moiseev et al. [116] -48.15 -1204.7 

Tsagareishvili et al. [115] -87.86 -1244.4 

Popovic et al. [85], revised -88.00 -1245.3 

Kobertz (this work)  

Eq. (8-9) from sublimation enthalpy (Na) -99.20 -1255.8 

Eq. (2-25) from Σ - Plot  -97.07 -1253.6 

Eq. (8-31) from activity of Na2O in NaNbO3(c) -86.54 -1243.1 

 Mean value -94.27±±±± 5.5 -1250.8±±±±6.5 

	
8.6.8 Determination of the standard absolute entropy, 5$%&	  of solid 

NaNbO3(c); empirical 

The	 standard	 absolute	 entropy	 �
��� 		 is	 the	 “end-member”	 of	 the	 low-temperature	
entropies	from	absolute	zero	(0	K)	to	standard	room	temperature	298	K.	A	relation	
between	 the	 entropy	 and	 the	 heat	 capacity	 Cp	 at	 constant	 pressure	 allows	 on	 one	
hand	 to	 determine	 experimentally	 the	 entropy,	 ∆���,	 but	 on	 the	 other	 hand,	 this	 is	
limited	 to	 temperatures	 down	 to	 about	 50	 K.	 This	 means	 that	 the	 entropy	 can	 in	
practice	 only	 be	 determined	 down	 to	 this	 limiting	 temperature	 as	 ∆�� = ��	-	�Ö� =
	Ú fg

� 	�{
��
Ö� .	 The	 gap	 S50	 -	 S0	 must	 be	 deduced	 by	 different	 approaches	 like	 Debye	

equation	and	others.	
High-temperatures	 entropies	 are	 easier	 to	 determine	 and	 they	 are	 defined	 to	 be	
ending	in	a	standard	value	at	�
��� .	This	value	is	set	to	zero	if	no	low	temperature	data	
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are	available,	but	this	does	not	enable	one	to	obtain	the	Gibbs	energy	(free	enthalpy),	
∆G�� .	For	NaNbO3(c),	only	a	 few	values	are	available,	and	 they	differ	between	106.8	
and	116.3	J	mol-1	K-1.	
Lindemer	 et	 al.	 [113]	 have	 reported	 �
��� 	 data	 for	 the	 homologous	 series	 of	 alkali	
niobates	AlkNbO3(c)	(alk	=	Li,	Na,	K,	Rb,	Cs)	and	Kubaschewski	et	al.	 [123]	a	value	
only	for	LiNbO3(c).	The	lithium	niobate	values	differ	by	12	J	mol-1	K-1,	which	was	the	
reason	for	doing	own	empirical	calculations.	Table	8-7	shows	a	list	of	selected	useful	
methods	 concerning	 the	 molecular/atomic	 mass,	 heat	 capacity,	 molar	 volume,	
density,	 entropies	 and,	 a	 collection	 of	 literature	 results	 using	 these	 approaches.	
Volume	and	density	data	are	taken	from	Landolt-Börnstein	[158]	and	Lapitzki	[183].	
The	principle	of	the	empirical	approach	is	first,	to	find	useful	common	variables	(X(j),	
(j=1	to	n))	of	a	homologous	series	(A(i),	(i=1	to	n))	and	second,	to	determine	a	linear	
function	of	at	least	two	homologous	pairs.		
For	example,	the	following	homologous	series	for	alkali	niobates	(molecular	mass,	M)	
/	 entropies	 is	 given:	 LiNbO3	 (147.84)	 /	 91.44,	 KNbO3	 (180.00)	 /125.6,	 RbNbO3	
(226.37)	 /	 145.1	 and	 CsNbO3	 (273.81)	 /152.2	 J	 mol-1	 K-1,	 the	 data	 for	 NaNbO3	 is	
missing.	 The	 approach	 in	 this	 study	 (Table	 8-7)	 uses	 the	 linear	 function	 of	 the	
entropy	S	as	a	 function	of	 the	natural	 logarithm	of	 the	molecular	mass	M	 .	With	the	
data	above	the	function	is	S	=	97.147	lnM	-	386.9,	and	with	M	=	163.89	for	sodium	
niobate,	the	resulting	entropy	is	108.5	J	mol-1	K-1.	Other	combinations	are	dependent	
upon	 the	 available	 homologous	 characteristics.	 Many	 of	 those	 combinations	 are	
reported	in	the	book	by	Karapetiants	[120].	
Two	homologous	series	with	entropies	of	AlkNbO3	(Alk=Li,	Na,	K,	Rb,	Cs),	one	with	
values	 from	 [113],	 another	with	 the	 same	series	as	 in	 [113],	but	with	 the	value	 for	
LiNbO3(s)	replaced	by	that	from	Kubaschewski	et	al.	[123],	are	known.	Since	lithium	
is	at	one	end	of	the	homologous	alkali	series,	its	entropy	has	the	highest	impact	on	the	
linear	 dependency.	 This	 effect	 can	 clearly	 be	 seen	 in	 the	 values	 in	 the	 last	 two	
columns	of	Table	8-7.		
The	three	columns	for	�
��	� 	show	selected	data	and	values	from	both	[113]	and	[123]	
for	approaches	that	have	the	entropy	in	a	homologous	series.	For	all	the	mean	value	
to	calculate	the	coefficients	of	the	related	function	were	used.		
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Another	homologous	 series	was	 given	by	 the	heat	 capacities	 of	 compounds	with	Li	
and	oxides	of	the	fifth	group	(V,	Nb,	Ta).	With	this	series,	and	the	Cp	value	from	this	
work	 for	 NaNbO3(c),	 it	 was	 possible	 to	 determine	 empirically	 the	 heat	 capacity	 of	
NaVO3(c)	 and	 NaTaO3(c)	 for	 a	 homologous	 Cp	 series.	 This	 was	 needed	 for	 all	 the	
approaches	that	contain	Cp	as	a	variable	and	for	the	determination	of	their	functional	
coefficients.		
For	 the	 further	 calculation,	 the	 arithmetic	mean	of	 selected	data,	 reported	 in	Table	
8-7,	were	used.	The	selected	mean	value	is	�
��	� ¨NaNbO�(c)©		=	107.2	±	6.1	J	mol-1K-1.	

Table 8-7: Absolute entropy 5$%&	  of crystalline NaNbO3(c) determined with empirical approaches. 
Mathematical methods are used for the linearization of homologous series. Ai=atomic mass element (i), 
M= molecular mass, V= molar volume, S=absolute entropy S0

298 of NaNbO3(c), rf=homologous reference 
compound, n= number of moles, d=density, C=cation, A=anion, a=slope and b=y-intercept of the linear 
function. V and d are mean values of the phases at 298 K taken from Landolt-Börnstein [158] and Lapitzki 
[183], k is a constant in the linear function of the homologous series dependant on the method. 

Author Method 
5$%&	 (c) /J mol-1 K-1 

selected [118] [128] 

Kobertz (this work) S = 1.5 R ln M - k (here: S = 97.147 ln 164 - 386.9) 108.5 111.8 105.2 

Lindemer [113]  116.3   

Eastman [119] 
S = 1.5 R ln A1 A2 A3 + ln M - k 115.2 116.0 114.1 

S = 1.5 R ln M + 0.5 ln A1 A2 A3 107.0   

Karapetiants [120] S = a Cp + b 98.0   

Khriplovich [122] S = a [(nA)² lg M(C) +4/nA lg M²/d] + b 115.2   

Kubaschewski [123] S= 1.5 R ln M - k 105.2   

Latimer [124] S = 2.9808 ln (A1 A2 A3) - k 110.5   

Latimer [125] S = (7.5 + Ec Nb + 7.2) 4.184, (Ec =11.6, 12.2) 111.4   

Philippin [126] 

S = a (2 ln M – ln d) + b 107.7   

S = a Cp M1/2 + b 105.4   

S = a Cp lg M + b 103.9   

Treadwell [127] S= 1.5 R ln M - k 109.3 112.2 106.5 

Wenner [128] 
S= 1.5 R lg M - k 109.3   

lg S = a lg M + lg b 98.0   

Yungman [114]  106.8   

Cantor [129] S = Srf + 1.5 n R ln[(M/Mrf) (V/Vrf)2/3] 100.3   

Turkdogan [130] lg S = a lg V + lg b 97.9   

Stull [131] S = 40.2 + 68.6 108.8   

Additive rule S = 0.5 [S(Na2O) + S(Nb2O5)] 106.1   

Mean value 107.2 
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8.6.9 Enthalpy Increment from 0 to 298 K; empirical Determination 

Moiseev	 et	 al.	 [116]	 have	 reported	 an	 empirical	 dependence,	 given	 by	 Bagdavadze	
[184],	to	determine	the	enthalpy	increment	between	room	temperature	and	0	K.	

with	n	=	number	of	atoms.	(�
��� -	���)	=	27.36	kJ	mol-1	was	used	in	the	calculations.	
The	 data	 in	 following	 Table	 8-8	 have	 been	 obtained	 from	 the	 heat	 capacity	
polynomial	��	(�)� 	(eq.	(4-20)),	eq.	(8-30),	mean	value	from	Table	8-7,	and	eq.	(8-32)	
with	use	of	modules	in	IVTANTHERMO	[14].	
 

8.6.10 Gibbs energy (∆!� ) sodium niobate 

The	most	 stable	 form	 of	 a	 system	 under	 constant	 pressure,	 a	 state	 where	 nothing	
more	will	happen,	is	called	the	equilibrium	state.	On	the	way	to	this,	the	change	of	the	
state	can	be	generally	described	 in	 terms	of	Gibbs	 [11]	parameters	with	a	standard	
(ideal)	term	∆����,	excess	term	∆���op,	magnetic	term	∆���q,	defect	term	∆«��ros,	and	
further	 terms	 like	 the	 ferroelectric	 ∆���tu ,	 and	 ferroelastic	 ∆���tuv	 term.	 At	
equilibrium,	 the	thermodynamic	Gibbs	 function	of	state	 is	at	 its	minimum	and	their	
change	is	zero.	All	non-ideal	terms	are	imbedded	in	an	equilibrium	constant	K0	(here	
���	 for	 vapor	 pressures).	 Hence,	 the	 Gibbs	 energy	 (IUPAG	 “free	 enthalpy”)	 is	
simplified	and	this	state	is	described	by	eqs.	(2-1),	(2-2)	and	(2-3).	The	free	enthalpy	
(Gibbs	energy)	relation	used	here	is	the	important	thermodynamic	equations	(2-5).		
From	 the	 pressure	 equilibrium	 constants	 Kp(8-2)	 and	 Kp(8-15),	 described	 by	 eqs.	
(8-4)	 and	 (8-17),	 the	 standard	Gibbs	 energy	 for	 the	 sublimation	 reaction	 for	Na(g)	
from	 Na2O(c)	 (eq.	 (8-33)	 in	 the	 temperature	 range	 from	 900	 to	 1100	 K	 and	 from	
NaNbO3(c)	(eqs.	(8-34)	to	(8-37))	in	the	temperature	range	from	1250	to	1450	K	are	
found	to	be	for	Na2O	
 

 

(�
��� -	���) 	≈ 903.7	�
��� 	��	(h°±²¥ ��	 ⁄ 	),	 (8-32)	

∆«��� = −R	{	�����(8-2)	=	-(2.69	±	0.07)	10-1	T	+	(601.7	±	11.3)	kJ	mol-1.	 (8-33)	
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and	for	NaNbO3	

The	Gibbs	 energy	 (∆«��� = −∆���		� { + ∆«���)	 of	Na(g)	 over	Na2O(c)	 and	NaNbO3(c)	
between	900	and	1450	K	calculated	from	Kp(8-2),	and	Kp(8-10),	Kp(8-11),	Kp(8-12)	
and	Kp(8-15),	(eqs.	(8-4)	and	eqs.	(8-14)	to	(8-17))	are	shown	in	Fig.	8-7.	
 	

∆���� = −R	{	��K|�(8-8)	=	-(5.87	±	0.08)	10-1	T	+	(1386.2	±	14.7)	kJ	mol-1	 (8-34)	

∆���� = −R	{	��K|�(8-11)	=	-(2.94	±	0.02)	10-1	T	+	(693.1	±	4.7)	kJ	mol-1	 (8-35)	

∆���� = −R	{	��K|�(8-12)	=	-(4.89	±	0.03)	10-1	T	+	(1155.2	±	6.7)	kJ	mol-1	 (8-36)	

∆«��� = −R	{	��K|�(8-15)	=	-(2.44	±	0.05)	10-1	T	+	(577.6	±	9.7)	kJ	mol-1	 (8-37)	
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Table 8-8: Heat capacity (�$	(<) ), and standard of the free energy function (=�	 =-(!�	 -#$%&	 )/T), entropy 

5�	 , enthalpy increment (heat increment (∆H0= #�	 -#$%&	 )), enthalpy ∆f#�	 , and Gibbs energy ∆f!�	 of 
formation of crystalline NaNbO3(c). Coefficients for the heat capacity polynomials are listed in Table 8-4 

T �$	�  =�	  5�	  #�	 -#$%&	  ∆f#�	  ∆f!�	  

K J mol-1 K-1 J mol-1 

298.15 97.693 15.434 107.200 27360 -1250800 -1282762 

300.00 97.900 16.002 107.805 27541 -1250619 -1282961 

400.00 107.580 42.766 137.362 37839 -1240322 -1295266 

500.00 114.900 64.233 162.190 48978 -1229182 -1310277 

600.00 120.784 82.389 183.674 60771 -1217389 -1327594 

639.00 122.889 88.807 191.346 65522 -1212638 -1334907 

   1.595 1020 -1019  

639.00 119.995 88.807 192.941 66542 -1211619 -1334907 

700.00 121.780 98.368 203.963  73917 -1204243 -1347017 

753.00 122.909 106.118 212.896 80404 -1197756 -1358067 

   0.125 95 -95  

753.00 122.909 106.118 213.021 80499 -1197661 -1358067 

792.00 123.238 111.536 219.238 85300 -1192860 -1366496 

   0.858 679 -679  

792.00 123.236 111.536 220.096 85979 -1192181 -1366496 

800.00 123.196 112.628 221.334 86965 -1191195 -1368262 

840.00 122.551 117.949 227.332 91882 -1186278 -1377237 

   0.896 751 -751  

840.00 122.541 117.949 228.228 92633 -1185527 -1377237 

900.00 120.980 125.586 236.630 99940 -1178220 -1391187 

907.00 120.801 126.447 237.567 100786 -1177374 -1392847 

   1.154 1047 -1047  

907.00 120.790 126.447 238.721 101833 -1176327 -1392847 

1000.00 118.663 137.442 250.404 112962 -1165198 -1415602 

1100.00 117.031 148.231 261.632 124742 -1153418 -1441214 

1200.00 116.009 158.110 271.767 136389 -1141771 -1467892 

1300.00 115.521 167.214 281.031 147961 -1130199 -1495538 

1400.00 115.496 175.653 289.588 159509 -1118651 -1524075 

1450.00 115.634 179.652 293.643 165287 -1112874 -1538656 

	
 
 



8  		Studies on Sodium Niobate Crystals	 125	

 

 

 

8.6.11 Σ-plot determination for sodium niobate 

High	 temperature	 experimental	 results	 have	 to	 be	 adapted	 to	 correlate	 with	 low	
temperature	 data.	 Cubiccioti	 [164]	 and	 Shomate	 [165]	 have	 shown	methods	 using	
algebraic	equations	derived	from	thermodynamic	relations	and	laws	to	evaluate	and	
correlate	thermodynamic	data.	Combining	Gibbs	energy,	enthalpy	and	entropy	terms	
give	rise	to	the	so-called	Σ′-	and	Σ–plot	functions	(eqs.	(2-21)	to	(2-26)	and	Chapter	
2.1.3).	
The	additive	integration	constants	kH	and	kS	(see	Table	8-11,	constants	F	=	kH	and	G	
=	kS,	eqs.	(4-22),	(4-25)	are	values	of	the	enthalpy	and	entropy	increment	at	298	K	
and	the	slope	and	intercept	of	the	least-square	plot	are	the	low	temperature	values	of	
∆«H
��� 	and	∆rS
��� ,	respectively.		
 

Fig. 8-7: Gibbs energy (∆«��� = −∆���		� { + ∆«���) of Na(g) over Na2O(c) and NaNbO3(c) between 900 

and 1450 K calculated from Kp(8-2) and Kp (8-8), Kp(8-9), Kp(8-10) and Kp(8-13) given in eqs. (8-4) and 

(8-14) to (8-17).  
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8.7 Discussion on Sodium Niobate 

8.7.1 Vaporization of NaNbO3 

The	thermodynamic	data	obtained	in	the	present	study	for	the	vaporization	of	pure	
NaNbO3(c)	have	been	compared	with	values	in	the	literature.	So	far,	only	Popovic	et	
al	 [85]	 have	 reported	 one	 vaporization	 study	 with	 Knudsen	 effusion	 mass	
spectrometry.	The	ionization	processes	were	consistent	with	those	of	the	studies	on	
Na2O(c)	 regarding	 eq.	 (8-1)	 and	 (8-2).	 Sodium	 niobate	 vaporizes	 incongruently,	
following	eqs.	(8-8)	to	(8-13),	and	the	deposit	either	of	Nb2O5(c)	or	of	NbO2(c)	tends	
to	result	in	the	formation	of	a	second	phase	besides	NaNbO3(c)	gradually	with	time.	
After	Näfe	et	al.	 [2],	 Irle	et	al.	 [97],	Reisman	et	al.	 [98],	Shafer	et	al.	 [99],	Appendino	
[100],	 and	 Roth	 et	 al.	 [101]	 the	 region	 between	 NaNbO3(c)	 and	 Nb2O5(c)	 is	
heterogeneous	 between	 50	 and	 66	 mol%	 with	 the	 phases	 NaNbO3(c)	 and	
Na2Nb4O11(c).	The	vaporization	studies	have	been	carried	out	 inside	the	two-phase	
region	(Fig.	8-8,	marked	area)	of	the	quasi-binary	phase	diagram	where	the	activity	of	
Na2O	in	sodium	niobate	dominates	and	remains	constant.		
The	loss	of	sodium	due	to	the	higher	activity	of	sodium	oxide	in	contrast	to	niobium	
oxide	changed	the	composition	towards	the	three-phase-region	NaNbO3	–	Na2Nb4O11	
–	NbO2	(the	blue	arrow	points	to	the	blue	triangle	in	Fig.	20-2).	From	this,	 it	can	be	
postulated	that	the	reactions	(8-8)	and	(8-9)	are	preferred.	As	long	as	the	deposit	is	
inside	the	concentration	of	a	probably	narrow	solubility	range,	NaNbO3(c)	remains	as	
a	single-phase.	The	loss	of	Na	and	O2	at	1200	K	was	approximately	5	%	in	one	week	of	
measurements.		
The	 enthalpy	 change	 for	 the	 sublimation	 of	 Na(g)	 measured	 in	 this	 study	 was	
ΔÐÑÒH����	×� 	=	464.7	±	9	kJ	mol-1	and	439.4	±	5	kJ	mol-1according	to	the	2nd	and	3rd	
law	methods,	respectively.		
 

8.7.2 Thermodynamic activities of Na2O in NaNbO3 

Na2O(c)	was	used	as	the	reference	material	for	the	determination	of	the	sodium	oxide	
activity	 in	NaNbO3.	 Sodium	 oxide	was	measured	 immediately	 after	 sodium	 niobate	
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which	 allowed	 the	 direct	 comparison	 of	 the	 ion	 intensities	 of	 gaseous	 species	 over	
both	Na2O(c)	 and	NaNbO3(c).	 The	 activity	 of	Na2O	 in	NaNbO3(c)	was	 temperature-
dependent	and	can	be	described	in	the	range	between	1100	and	1250	K	by	

 

Näfe	et	al.	[1]	have	determined	the	activity	of	Na2O	at	600	°C	in	the	two-phase	region	
Na3NbO4(c)	 -	 NaNbO3(c)	 (Fig.	 8-8)	 using	 solid-state	 electrochemical	 investigation.	
The	part	of	constant	activity	is	around	2	10-4	 if	 the	represented	figure	has	a	natural	
logarithmic	 scale.	 I	 found	 about	 8	 10-5	 in	 the	 opposite	 phase	 field.	 The	 activity	
reported	by	Näfe	et	al.	[1]	is	higher,	which	it	should	be,	as	this	phase	field	is	closer	to	
the	sodium	oxide-rich	side.	
The	red	area	in	Fig.	8-8	shows	the	range	and	region	of	the	vaporization	studies.	

·(�)(Na
O) = �������	��Û
.���	 (8-38)	

Fig. 8-8: Phase diagram taken from Näfe [1], Irle [97], Reisman [98], Shafer [99], Appendino [100] and 

Roth [101] partly complemented in this work. The red area selects the range and region of my 

vaporization studies 
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8.7.3 Heat capacity at constant pressure  

The	 coefficients	 in	 Table	 8-4	 for	 the	 polynomial	 equation,	 eq.	 (4-20),	 describe	 the	
heat	capacity	from	298	to	1450	K.	So	far,	it	was	for	the	first	time,	the	heat	capacity	of	
sodium	 niobate	 covering	 this	 temperature	 range	 experimentally	 determined.	 Table	
8-9	shows	my	results	for	the	heat	capacity,	��(
��	�)	� ,	at	the	standard	temperature	298	
K,	in	comparison	with	results	reported	in	the	literature.		
	

 

 

As	 seen	 in	 Table	 8-9,	 the	 heat	 capacity	 values	 are	 mainly	 based	 on	 empirical	
approaches.	Kellogg	[117]	has	suggested	a	method	to	determine	the	heat	capacity	of	
solids	with	ionic	bonds.	The	approach	is	to	sum	the	various	atomic	contributions	Φi,	
for	cations	and	anions:	

 

��(
��	�)	� =	∑ (� ∏ nææ äæ	�).	 (8-39)	

cNa 

cO 

Fig. 8-9: Part of the ternary phase diagram Na-Nb-O. The blue vector arrow in the upper right figure 

shows the direction of the concentration change of cNa and cO during the incongruent vaporization 

(Eqs. (8-8) to (8-13)). Isothermal section is at 1000 °C (1273 K) 
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These	data	have	been	derived	from	a	compilation	of	experimental	data	from	broadly	
similar	series	of	comparable	substances	and	they	were	reported	in	Kubaschewski	et	
al.	[118,	123].	Contributions	in	J	mol-1	for	NaNbO3(c)	are	ΦNa+	=	25.1,	ΦNb4+	=	25.9,	
ΦO2-	=	17.6	for	cation(1+)	charge	and	15.9	for	cation(4+)	charge	at	298	K	and,	using	eq.	
(38),	the	heat	capacity	could	be	calculated,	��(
��	�)	� =	ΦNa+	+	ΦO2-(1+)	+	ΦNb4+	+	2	
ΦO2-(4+)-	=	100.4	J	mol-1	K-1,	which	is	close	to	my	value	for	���	of	sodium	niobate.		
 

The	contributions	of	Kubaschewski	are	ΦNa	=	25.9,	ΦNb	=	23.0,	and	ΦO	=	18.4.	The	
contribution	 for	 O	 (oxygen)	 does	 not	 distinguish	 between	 different	 charges	 of	 the	
cation.	With	 these	values	 the	heat	 capacity	��(
��)	� 	=	25.9	+	23	+	3	18.4	=	104.1	 J	
mol-1.	
My	 value	 agrees	 quite	 well	 with	 the	 value	 deduced	 from	 the	 Neumann-Kopp	 rule	
(Neumann	[185],	Kopp	[186,	187])	Table	8-9.	

Table 8-9: Comparison of the �$($%&	0)	  value for NaNbO3(c) with data from literature 

Reference �$	($%&)  J mol-1 K-1 Method 

Kobertz (this work) 97.33 ± 4.95 Experimental, DSC, Drop calorimetry 

Popovic et al. [14] 114 Calculated 

Kubaschewski et al. [123]  104.1 Empirical, ��(
��	�)	� = 	∑ (� ∏ nææ Φæ	�) 
Kellogg [122]  100.4 Empirical, ��(
��	�)	� = 	∑ (� ∏ nææ Φæ	�)  
Neumann [185], Kopp [186, 187] 96.73 Theoretical, Cp(T) = Σ n(i) Cp(i)(T) 

	
In	the	DSC	measurements	five	transitions	were	found	in	the	range	from	298	to	1450	
K,	but	a	transition	at	463	K,	as	was	reported	by	Wang	et	al.	[81]),	could	not	be	seen.	
Two	 transitions,	 one	 at	 639	K	 and	 the	 other	 at	 753	K,	 showed	 the	 properties	 of	 λ-	
transition	with	the	characteristically	stronger	rise	of	the	heat	capacity	long	before	the	
transition.	The	peak	area	of	the	transition	represents	the	enthalpy	change.	Although	
the	 DSC	 was	 calibrated	 with	 sapphire	 as	 a	 reference,	 the	 deduced	 energies	 were	
about	five	times	lower	than	those	deduced	from	the	drop	calorimetric	measurements	
(Table	 8-10).	 The	 reason	 for	 this	 is	 typical	 and	 can	 be	 explained	 by	 the	 kinetic	
character	 of	 the	 DSC	 method,	 where	 heating	 rates	 of	 20	 K	 min-1	 are	 normal.	 In	
contrast	to	this,	the	drop	calorimeter	works	at	the	equilibrium	state.		
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The	enthalpies	of	 the	 transitions	are	quite	 low	(Table	8-10),	but	not	 zero,	 although	
from	 this	 point	 of	 view,	 and	 concerning	 the	 traditional	 Ehrenfest	 classification,	 the	
transition	should	be	of	first	order	(Ehrenfest	[15]).		
Tennery	et	al.	 [103]	have	used	a	calorimeter	with	an	energy	sensitivity	>17	J	mol-1.	
They	did	not	 find	the	transition	at	753	K.	Their	enthalpy	values	are	higher	than	my	
DSC	data	but	not	as	high	as	my	data	deduced	by	drop	calorimetry.		
A	new	transition	was	reported	by	Pozdynakova	et	al.	[96]	at	600	K,	but	they	did	not	
observe	the	transition	at	753	K.	I	did	not	observe	the	new	transition	at	600	K.	Shigemi	
et	 al.	 [106]	 have	 determined	 the	 heat	 of	 formation	 of	 each	 transition	 from	 first	
principles	 using	 a	 plane-wave	 pseudo	 potential	 calculation.	 They	 have	 used	 the	
transitions	 reported	 by	 [96].	 From	 the	 differences	 in	 the	 heat	 of	 formation	 of	 the	
neighboring	structures,	 the	possible	 transition	energies	were	calculated.	Molak	[83]	
estimated	an	enthalpy	 for	 the	P-R	 transition,	∆������� 	=	220	 J	mol-1	 and	an	entropy	
∆������� 	 =	 0.33	 J	mol-1	 K-1	 in	NaNbO3(c)	 ceramics	with	DTA.	With	 an	 optical	 study,	
Shirane	et	al.	[105]	saw	only	three	transitions	and	from	heat	capacity	measurements	
only	the	heat	content	of	upper	phase	was	obtained.	Xu	[3]	has	used	DSC,	but	has	only	
reported	the	total	enthalpy	change	in	the	temperature	range	of	all	transitions.		
Table 8-10: Enthalpies and entropies of the five transitions in NaNbO3(c) collected from different authors 
in comparison with my values. The uncertainties of the data are ± 9 J mol-1 for the enthalpy and ± 0.02 J 
mol-1 K-1 for the entropy. The last line gives the sum of all transitions. H = ∆+)(#�  J mol-1, S = ∆+)5�  J mol-1 
K-1, Cal = calorimeter 

 Kobertz 
Tennery  

[103] 
Pozdynakova 

[96] 
Molak 

[93] 
Shigemi 

[106] 
Shirane 

[105] 
Xu  
[3] 

 DSC Drop   Cal   DSC DTA   Cal DSC 

T /K H S T /K H S T /K H H S H H H 

       503 120   482   

639 211 1019 1.59 645 351 0.54 643 90 220 0.33 4631   

753 30 94 0.12 751       0   

792 89 679 0.86 800 79 0.10 795 40   193   

840 104 757 0.90 849 142 0.17 847 70   1833   

907 214 1047 1.15 913 297 0.33 911 100   4342 209  

Sum 648 3595   869   420 220  11482 209 560 
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The	 collection	 of	 polynomial	 equations	 and	 coefficients	 of	 the	 thermodynamic	 data	
for	 the	heat	 capacity	���,	 heat	 content	 (H0T	 -	H0298.15)/T	 and	entropy	S0	 from	caloric	
studies	on	NaNbO3(c)	is	displayed	in	Table	8-11.	
	
 

Table 8-11: Summery of polynomial equations and coefficients for the heat capacity	�$ , heat content (H0 

– H0
298.15)/T and entropy S0 from caloric studies on NaNbO3, x = temperature K/10000. Calculated Cp 

coefficients are listed in Table 8-4 

�$  = A + #D$ + � ∙ D+E ∙ D$ + F ∙ 	D' Eq. (4-20) 

(H0 – H0
298.15)/T = A∙ D − #D + �

$ ∙ D$ + E' ∙ D' + FG ∙ DG + =	 Eq. (8-23) 

S
0 = A HI(D) − #

$	D$ + � ∙ D + E
$ ∙ D$ + F' ∙ 	D' + ! Eq. (8-26) 

∆∆∆∆T 298.15 - 639 K 639 - 753 K 753 - 792 K 792 - 840 K 840 - 907 K 907 - 1450 K 

A 45.12621 222.8957 9389.365 -501.7151 1.890254 104 184.6042 

B 1.901478 10-8 2.839613 10-4 -5.370131 -0.1175324 -14.7253 5.461411 10-6 

C 2518.104 -5384.93 -2.448648 105 2.369319 104 -4.234192 105 -1245.124 

D -3.028705 104 8.810646 104 2.434096 106 -2.841543 105 3.578213 106 7080.005 

E 1.540503 105 -4.546659 105 -8.62567 106 1.106266 106 -1.075366 107 -1.222986 104 

F -2.227512 -5.105509 -355.9246 5.96651 -835.8669 -5.739571 

G 95.54118 902.3468 3668.058 -2337.46 7.096561 104 661.2153 

 

A	 compendium	 of	 thermodynamic	 enthalpy	 data	 of	 both	 vaporization	
thermodynamics	 and	 solid-state	 calorimetric	 studies	 of	 selected	 chemical	 reactions	
concerning	pure	sodium	oxide	and	sodium	niobate	is	shown	inTable	8-12.	
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Table 8-12: Synopsis of thermodynamic enthalpy data from vaporization- and caloric- studies on Na2O(c) 
and NaNbO3(c).  

Enthalpy of  
formation (8-28) 

0.5 Na2O(c) + 0.5 Nb2O5(c) = NaNbO3(c) ∆fH(298) NaNbO3 -1250.8 ± 7 kJ mol-1 

Enthalpy of reaction 
(2-25) (8-9) (8-31) 

Na(g) + 0.5O2(g) + NbO2(c) = NaNbO3(c) ∆rH(298) NaNbO3 -94.3 ± 7 kJ mol-1 

Enthalpy of  
sublimation ∆subHT 

 ∆subHT 2nd law ∆subHT 3rd law 

NaNbO3  1370 K Na(NaNbO3)(c)  = Na(g) 464.7 ± 9 kJ mol-1 439.4 ± 5 kJ mol-1 

Na2O  1000 K Na(Na2O)(c)  = Na(g)  242.6 ± 3 kJ mol-1 240.7 ± 1 kJ mol-1 

Source Selected reactions 
∆rHT 2nd law ∆rHT 3rd law ∆rGT ∆rST 

kJ mol-1 J mol-1 K-1 

NaNbO3 
1370 K 

Kp(8-8) 
2 NaNbO3(c) =  
2 Na(g) + O2(g) + 2 NbO2(c) 

1388.2 ± 2 1386.1 ±  3  580.6 ±  9 587.9 ± 6 

Kp(8-9) 
NaNbO3(c) =  
Na(g) + 0.5O2(g) + NbO2(c) 

694.6 ± 7 693.1 ± 13  290.3 ±  9 294.0 ± 5 

Kp(8-10) 
2 NaNbO3(c) =  
2 Na(g) + 0.5 O2(g) + Nb2O5(c) 

1157.7 ± 6 1155.2 ±   8  485.7 ±10 488.5 ± 7 

Kp(8-13) 
NaNbO3(c) =  
Na(g) + 0.25 O2(g) +0.5 Nb2O5(c) 

578.8 ± 7 577.6 ± 12  242.9 ±11 244.3 ± 6 

Na2O  
1000 K 

Kp(8-2) Na2O(c) = Na(g) + 0.5O2(g) 604.6 ± 6 601.7 ± 3 332.8 ±  9 268.9 ± 9 
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9 Conclusions for Sodium Niobate Crystal 

The	 studies	 published	 in	 this	 work	 are	 predominantly	 based	 on	 different	
experimental	 and	 supplementary	 methods.	 It	 was	 possible	 to	 clarify	 vaporization	
processes	over	both	Na2O(c)	and	NaNbO3(c).	Solid	Na2O(c)	and	NaNbO3(c)	vaporize	
mainly	 dissociatively	 as	 Na(g)	 and	 O2(g).	 These	 species	 were	 the	 only	 ones	 in	 the	
equilibrium	 vapor	 in	 the	 measurements	 under	 consideration.	 From	 the	 partial	
pressures,	 thermodynamic	data	were	determined	by	studying	 the	vapor	phase	over	
the	system.	Concerning	Na-containing	species,	sodium	niobate	has	a	low	pressure	(<	
10-7	 Pa)	 at	 temperatures	 below	 all	 the	 structure	 transformations,	 and	 in	 terms	 of	
niobate	 species,	 gaseous	 molecules	 containing	 Nb	 could	 not	 be	 observed	 under	
Knudsen	conditions.	
A	 temperature-dependent	 relation	 of	 thermodynamic	 activity	 of	 sodium	 in	 the	
NaNbO3	 was	 experimentally	 obtained	 for	 Na	 by	 comparing	 the	 partial	 vapor	
pressures	over	pure	Na2O(c)	and	NaNbO3(c),	respectively.	It	can	be	derived	from	the	
pressure	data	and	activity	value	that	NaNbO3(c)	is	stable	for	years	at	oxygen	partial	
pressure	under	the	equilibrium	state,	even	in	the	temperature	range	in	the	vicinity	of	
the	 last	 transition	 to	paraelectric	 cubic	phase	at	907	Kelvin.	Conditions	 that	 reduce	
the	partial	pressure	of	oxygen	below	the	equilibrium	state	(e.g.,	vacuum	or	inert	gas)	
diminish	 the	 stability.	 In	 contrast	 to	 this,	 processes	 in	 an	 atmosphere	 with	 higher	
oxygen	partial	pressures	promote	the	stability.	
The	sodium	oxide	activity	in	sodium	niobate,	NaNbO3(c),	is	numerically	specified	by	
ln(a`Õ°�(�)	) = − �����

� + 2.366.		
From	 the	 viewpoint	 of	 studying	 the	 solid	 phase,	 the	 heat	 capacity	 under	 constant	
pressure	 (��(�)� )	was	measured	 from	 1450	K	 down	 to	 room	 temperature	 and,	 as	 a	
result,	six	polynomial	equations	were	constructed	for	it	in	the	branches	covering	the	
temperature	range	of	the	structural	transitions.	The	enthalpies,	∆�«Ð���	and	entropies,	
∆������	 of	 the	 five	 structure	 transitions	 were	 obtained	 from	 drop	 calorimetric	
measurement.	
The	combination	of	supplemental	experimental	methods	like	Knudsen	Effusion	Mass	
Spectrometry	 (KEMS),	Dynamic	 Scanning	Calorimetry	 (DSC),	 and	Drop	Calorimetry	
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(DropC)	for	studying	the	equilibrium	vapor	phase	and	the	solid	phase	was	completed	
for	 the	 first	 time.	With	 empirical	 approaches	 and	 experimental	 results,	 the	 heat	 of	
reaction	was	found	to	be	∆«�
��� ¨NaNbO�(c)©	=	−94.3	 ± 7		kJ	mol��	and	the	heat	of	
formation	was	found	to	be	∆Ó�
��� ¨NaNbO�(c)©	=	−1250.8	 ± 7		kJ	mol��.	
Additional	 thermodynamic	 data	were	 deduced	 in	 this	work	 using	 a	 combination	 of	
both	 gas	 phase	 and	 condensed	 phase	 studies.	 Available	 literature	 data	 were	
compared	and	discrepancies	clarified.	The	new	data	are	 intrinsically	consistent	and	
particularly	suitable	for	modeling.	 	
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10 Studies on Mn doped Sodium Niobate  

10.1 Experimental description 

10.1.1 Sample preparation and description 

Sodium	niobate	crystals	with	Mn	have	been	obtained	from	a	high	temperature	melted	
salts	Na2CO3-Nb2O5-B2O3	 solutions.	 The	Nb2O5	 (Fluka,	 purity	>	99.9%)	 and	Na2CO3	
(Reachim,	 purity	 >	 99.8%)	 constituents	 were	mixed	 in	 accordance	 to	 the	 NaNbO3	
stoichiometry.	MnO	 (Aldrich,	 purity	>	 99%)	was	 added	 in	 aim	 to	 produce	 crystals	
nominally	doped	with	1	and	2	wt%	(Molak	et	al.	[188],	Molak	[83]).		
Suitable	 flux	 content	was	 determined	 experimentally.	 A	 Pt	 crucible,	 filled	 with	 the	
mixture,	was	placed	in	a	furnace	with	a	temperature	gradient	~10	K	cm-1	in	order	to	
provide	convection	of	the	solution	constituents.	The	mixture	has	been	melted	at	1340	
K,	hold	at	this	temperature	for	2	h	and	then	cooled	at	a	rate	of	2	K	h-1	to	1140	K,	and	
then	the	solvent	was	poured	off.		
Transparent	cubes	and	plates	with	dimensions	of	several	millimeters	were	obtained.	
The	 pure	 NaNbO3	 crystals	 were	 transparent.	 The	 doped	 with	 Mn	 crystals	 were	
yellowish	 to	 brown	 in	 color	 dependant	 on	 the	 Mn	 concentration.	 It	 should	 be	
mentioned	 that	 an	 uncontrolled	 small	 amount	 of	 impurity	 ions,	 originating	 from	
initial	substrates,	may	be	present	even	in	the	nominally	pure	samples.		
The	real	content	of	the	Mn	dopant	was	lower	than	nominal	concentration	introduced	
into	 the	 initial	mixture.	 It	had	been	 found	 that	 there	 is	 a	 solubility	 limit	of	Mn	 ions	
within	 the	 sodium	 niobate	 host	 on	 ≈	 1	 wt%	 (≈3	 mol%)	 level.	 It	 was	 related	 to	
precipitation	 of	 the	 Mn	 ions	 observed	 in	 NaNbO3:yMn	 crystals	 Molak	 et	 al.	 [188],	
Molak	 [83].	The	non-homogeneous	distribution	of	 the	Mn	 in	 the	crystals	was	 found	
with	use	of	 the	 transmission	microscopy	 test	 (Molak	 [83]).	 It	has	occurred	 that	 the	
Mn	ions	replace	the	Nb	ions	as	been	deduced	from	the	EPR	spectrum	analysis	(Molak	
et	al.	[189]),	XPS	spectrum	analysis	Kubacki	et	al.	[138]),	and	confirmed	with	use	of	
the	XANES	test	(Wolska	et	al.	[141]).	
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The	 room	 temperature	XRD	patterns	 showed	 the	 same	set	of	Bragg’s	 lines	 for	both	
the	NaNbO3	and	NaNbO3:Mn	samples.	Minor	differences	 in	 intensity	of	several	 lines	
were	 seen.	 They	 were	 identified	 and	 indexed	 in	 accordance	 with	 orthorhombic	
symmetry	with	 space	 group	Pbcm	 (ICDD	 catalogue	No.	 57),	 and	 in	 agreement	with	
literature	 data	 (Kruczek	 et	 al.	 [180],	 Sakowski-Cowley	 et	 al.	 [181],	 Molak	 et	 al.	
[182]]).	 The	 determined	 lattice	 parameters	 values	 were	 a=5.501Å,	 b=5.666Å	 and	
c=15.520Å.	The	main	result	of	this	study	is	related	to	the	experimental	evidence	that	
the	identical	XRD	patterns	indicated	the	same	global	symmetry	of	both	pure	and	Mn-
doped	NaNbO3	crystals	([83]).	The	local	chemical	concentration	was	determined	for	
the	NaNbO3	and	Mn-doped	NaNbO3	 lamellae	by	the	EDX	method.	The	concentration	
of	 the	Mn	 ions	 varied	 depending	 on	 the	 place	 chosen	 for	 the	measurement	 of	 the	
NaNbO3	 :Mn	lamella	sample,	i.e.	Mn-rich	and	Mn-free	places	were	found	Molak	et	al.	
[83,	182,	188].	
Manganese	 ions,	which	 replace	 the	Nb5+	 ions	 in	 sodium	niobate	 crystal	 lattice,	 can	
have	several	 ionic	states:	Mn2+,	Mn3+,	Mn4+	or	 form	covalence	bonding	Molak	et	al.	
[143],	 Wolska	 et	 al.	 [141].	 In	 the	 case	 of	 low	 concentration	 of	 the	Mn,	 the	 charge	
imbalance	was	stabilized	by	the	oxygen	non-stoichiometry	in	the	neighborhood	of	Mn	
ions	Molak	[69,	83],	Kubacki	et	al.	[138].	The	demanded	higher	concentration	of	Mn	in	
the	sodium	niobate	crystal	host	was	reached	by	the	introduced	hetero-valence	ions.	
In	 this	 case,	 Bi	 and	 Pb	 ions	 for	 the	 co-doping	 have	 been	 chosen,	 that	 enabled	 the	
necessary	charge	compensation.	
The	 quality	 of	 the	 crystals	 is	 very	 high	 in	 terms	 of	 the	 vaporization	 studies.	 My	
Knudsen	mass	spectrometer	has	a	detection	limit	about	ppa-mol	(10-18	mol)	and	this	
enables	 to	 detect	 any	 of	 the	 trace	 elements	 given	 in	 Table	 10-1.	 As	 long	 as	 these	
elements	 are	 not	 involved	 in	 vapor	 phase	 reactions,	 they	 will	 not	 disturb	 the	
equilibrium	constant.	Under	Knudsen	conditions,	all	gas	species	behave	perfect.	If	the	
trace	 elements	 are	 involved	 in	 condensed	 phase	 processes,	 which	 will	 change	 the	
vaporization	 behavior,	 than	 they	would	 have	 been	 found	 and	 detected	 in	 the	mass	
spectra.		  
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Table 10-1: Element analysis of NaNbO3 : xMn sample by ICP-OES. The concentration is given wt%. The 
standard error is 3% 

Element 
x Mn wt%-1 

Element 
x Mn wt%-1 

0.1 1 0.1 1 

Na 13.9 13.9 Ni <0.05 <0.05 

Nb 56.4 56.5 Sr <0.02 <0.02 

O 28.6 ± 1 28.7 ± 0.3 Ti <0.6 < 0.6 

Mn <0.01 <0.01 Zn <1.14 <1.14 

 

10.2 Results for Mn doped NaNbO3 

10.2.1 Vaporization studies 

Nine	measurements	on	NaNbO3:0.1%Mn	and	seven	measurements	on	NaNbO3:1%Mn	
have	 been	 conducted	 with	 the	 Knudsen	 effusion	 mass	 spectrometer	 in	 the	
temperature	range	between	1020	and	1500	K.	The	Mn-doped	sodium	niobates	were	
studied	in	the	same	Ir-Knudsen	cell	as	the	NaNbO3(c)	crystal	with	an	effusion	orifice	
(0.3	mm),	 electron	emission	 (0.5	mA),	 and	electron	energy	 (70	eV).	The	amount	of	
sample	ranged	from	40	to	80	mg.		
After	each	measurement,	 the	 cell	was	 first	 cleaned	and	 then	baked	out	 in	 the	mass	
spectrometer	 unless,	 the	 ion	 intensity	 of	 Na+	 was	 below	 the	 detection	 limit	 in	 the	
range	of	the	vaporization	studies.		
Only	Na+	and	O2+	ions	were	detected	and	they	originated	from	the	species	Na(g)	and	
O2(g)	over	NaNbO3:Mn(c).	 In	accordance	with	eqs.	 (10-1)	and	(10-2),	 the	reactions	
show	 incongruent	 vaporization	 (x	 is	 either	 0.1	 or	 1	 mol%).	 The	 reactions	 having	
Nb2O5(c)	 as	 a	 vaporization	 product	 were	 not	 considered	 (see	 “Disscussion”	 on	
NaNbO3	in	chapter	8-7)	

The	equilibrium	constants	for	the	above	given	vaporization	reactions	are	the	same	as	
for	un-doped	sodium	niobate:		

2	NaNbO3:xMn(c)	⇔	2	Na(g)	+	O2(g)	+	2	(NbO2:xMn(c))	 (10-1)	

NaNbO3:xMn(c)	⇔	Na(g)	+	0.5	O2(g)	+	NbO2:xMn(c)	 (10-2)	
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In	 the	equations	(10-3)	and	(10-4),	p°	=	105	Pa	and	 the	activity	a	of	aNbO2:xMn(c)	
and	aNaNbO3:xMn(c)	is	equal	to	1	in	the	same	equations.		
Ions	 of	 niobium	 and	 manganese	 containing	 gas	 species	 were	 not	 detected	 in	 the	
temperature	 range	 in	 which	 Mn-doped	 sodium	 niobate	 samples	 were	 studied.	 Mn	
must	be	bounded	in	the	perovskite	structure	as	manganese	oxide.	MnO	is	as	stable	as	
NbO2	and	can	also	not	be	detected	in	the	vapor	phase	like	niobium	oxide.	In	contrast	
to	 this,	 metallic	 Mn	 has	 a	 partial	 pressure,	 which	 would	 be	 high	 enough	 in	 the	
temperature	range	under	consideration	to	find	molecules	in	the	vapor	phase.		
 

10.2.1.1 Partial pressures over Mn-doped sodium niobate 

Partial	pressures	Na	and	O2	have	been	determined	as	described	in	Chapter	8.	For	the	
partial	pressure	of	O2	it	was	assumed	that	the	vaporization	process	is	congruent	with	
respect	to	oxygen	and	�(]
)	is	0.590	�(_·).		
The	 partial	 pressures	 and	 Arrhenius	 functions	 of	 Na(g)	 and	 O2(g)	 over	 Na2O(c),	
NaNbO3(c)	 and,	 a	 common	 function	 over	 NaNbO3:0.1wt%Mn(c)	 together	 with	
NaNbO3:1wt%Mn(c)	are	shown	in	Fig.	10-1.		
From	the	equilibrium	constants	Kp(i)	for	the	reactions	in	eqs.	(8-2),	(8-9),	(10-3)	and	
(10-4),	(Fig.	10-2),	the	enthalpy	of	a	reaction	(2nd	law)	was	calculated	using	equation	
(10-5)	 as	 described	 previously	 in	 the	 studies	 of	 lead	 titanate	 (Chapter	 4-3).	 The	
functions	of	 the	equilibrium	constants	 for	 the	reactions	with	the	Mn-	doped	sodium	
niobates	make	not	much	of	a	difference	in	Fig.	10-2.	
  

K�(10-1) = 	3�Na(g)		�� 4
 	�O
(g)�� 	 	(·NbO
: xMn(c))

	¨·NaNbO�: xMn(c)©


	 (10-3)	

K�(10-2) = 	�Na(g)
		

�� 	��O
(g)��
	 	 		·(NbO
: xMn(c))	·(NaNbO�: xMn(c))	 (10-4)	
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10.2.1.2 Gibbs energy (∆!� ) 

From	 the	 pressure	 equilibrium	 constants	Kp(10-1)	 and	Kp(10-2),	 described	 by	 eqs.	
(10-3)	and	(10-4),	the	standard	Gibbs	energy	for	the	reactions	for	Na(g)	(eqs.	(10-6)	
and	(10-7))	 from	NaNbO3:0.1Mn(c)	and,	 from	(eqs.	(10-8)	and	(10-9))	 for	NaNbO3:	
1Mn(c)	 in	 the	 temperature	 range	 from	 1250	 to	 1450	 K	 are	 found	 to	 be	 for	
NaNbO3:0.1Mn(c)	

	

∆���� = −R	{	��K|�(10-1)	=	-(3.54	±	0.08)	10-1	T	+	(1049.3	±	14)	kJ	mol-1	 (10-6)	

∆���� = −R	{	��K|�(10-2)	=	-(1.77	±	0.02)	10-1	T	+	(524.6	±	5)	kJ	mol-1	 (10-7)	

Fig. 10-1: Partial pressures of Na(g) and O2(g) and their functions over Na2O(c), NaNbO3(c) and 

NaNbO3:0.1wt%Mn(c) 
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And	for	NaNbO3:	1Mn(c)	

 

The	 Gibbs	 energy,	 regarding	 the	 vaporization	 reaction	 of	 sodium	 in	 the	Mn-.doped	
sodium	 niobates,	 has	 been	 deduced	 from	 the	 equilibrium	 constants	 Kp(i)	 of	 the	
reactions	 i	 =	 (8-2),	 (8-9)	 and	 (10-2)	obtained	 in	 the	 last	 3	 run	 of	 a	measurement	
series	 (Fig.	 10-3).	 One	 can	 realize	 that	 there	 is	 nearly	 no	 difference	 in	 the	 results	
between	NaNbO3:0.1Mn	and	NaNbO3:1Mn.	

∆���� = −R	{	��K|�(10-1)	=	-(3.58	±	0.08)	10-1	T	+	(1054.8	±	14)	kJ	mol-1	 (10-8)	

∆���� = −R	{	��K|�(10-2)	=	-(1.79	±	0.02)	10-1	T	+	(527.4	±	5)	kJ	mol-1	 (10-9)	

Fig. 10-2: Natural logarithm of the equilibrium constants Kp(i) of the reactions i = (8-2), (8-9) and 

(10-2) as a function of the inverse absolute temperature 1/T of vapor species obtained in the last 3 run 

of a measurement series 
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It	 has	 to	 be	 mentioned	 that	 the	 desired	 Mn-concentrations	 are	 not	 the	 real	
concentrations	(see	Chapter	10-3,	“Discussion”))	

 

Table	 10-2	 gives	 a	 summary	 of	 the	 results	 of	 the	 vaporization	 studies	 on	 sodium	
niobate	and	Mn-doped	sodium	niobates	including	the	equilibrium	constants	(Kp),	the	
partial	pressures	of	Na(g)	and	O2(g),	and	the	Gibbs	energies	of	equilibrium	reactions	
with	gaseous	sodium.	
 	

Fig. 10-3: Gibbs energy of sodium over NaNbO3:0.1Mn(c) and NaNbO3:1Mn (c) between 900 and 1450 

K calculated from Kp(10-1) and Kp(10-2) given in eqs. (10-3) and (10-4).  
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Table 10-2: Summary of data for: equilibrium constants Kp, partial pressure of Na(g), O2(g), over 
NaNbO3:xMn(c) with x = 0.1 wt% and 1 wt% Mn, and Gibbs energy, ∆i!� = −∆)5�		 � + ∆i#� , (∆∆∆∆S in kJ 
mol-1 K-1 and ∆∆∆∆H in kJ mol-1) 

	
The	thermodynamic	activity	was	determined	as	described	in	chapter	4.3.3.	Calculated	
values	at	1200	K	are	1.82	10-3	for	NaNbO3,	3.17	10-2	for	NaNbO3:0.1Mn	and	2.96	10-2	
for	NaNbO3:1Mn		
	

Equilibrium constant 
Temperature 

range /K 

ln Kp = A 
0
�+ B 

A B 

Kp(8-2) (NaNbO3=Na + 0.5 O2+NbO2) 900 - 1165 -72309.6 32.27 

Kp(8-8) (2 NaNbO3=2 Na + O2+NbO2) 
1250 - 1465 

  

Kp(8-9) (NaNbO3=Na + 0.5 O2+NbO2) -84016.1 35.82 

Kp(10-1) (2 NaNbO3=2 Na + O2+NbO2):0.1Mn 
1150 - 1490 

  

Kp(10-2) (NaNbO3=Na + 0.5 O2+NbO2):0.1Mn -62837.7 21.09 

Kp(10-1) (2 NaNbO3=2 Na + O2+NbO2): 1Mn 
1260 - 1490 

  

Kp(10-2) (NaNbO3=Na + 0.5 O2+NbO2): 1Mn -63390.1 21.48 

Gibbs energy  
∆Gp = A 

�
0	+ B = -R T ln(Kp) 

A B 

Kp(8-8) (2 NaNbO3=2 Na + O2+NbO2) 
1250 - 1465 

-(5.87 ± 0.08) 10-1 1386.2 ± 14 

Kp(8-9) (NaNbO3=Na + 0.5 O2+NbO2) -(2.94 ± 0.02) 10-1 693.1 ± 5 

Kp(10-1) (2 NaNbO3=2 Na + O2+NbO2):0.1Mn 
1150 - 1490 

-(3.54 ± 0.08) 10-1 1049.3 ± 14 

Kp(10-2) (NaNbO3=Na + 0.5 O2+NbO2):0.1Mn -(1.77 ± 0.03) 10-1 524.6 ±  5 

Kp(10-1) (2 NaNbO3=2 Na + O2+NbO2): 1Mn 
1260 - 1490 

-(3.58 ± 0.08) 10-1 1054.7 ± 14 

Kp(10-2) (NaNbO3=Na + 0.5 O2+NbO2): 1Mn -(1.79 ± 0.03) 10-1 527.4 ±  5 

Partial pressure Temperatur
e range /K 

ln (p/Pa) = A 
0
� + B 

Molecule   (source) A B p(i)1200K /Pa 

Na   (Na2O) 
900 - 1165 

-28923.9 24.67 1.76 10 0 

O2   (Na2O) -28923.9 23.45 5.18 10-1 

Na   (NaNbO3) 
1250 - 1465 

-56010.7 35.57 1.50 10-5 

O2   (NaNbO3) -56010.7 34.35 4.44 10-6 

Na   (NaNbO3 :0.1Mn) 
1150 - 1490 

-41891.8 25.75 1.05 10-4 

O2   (NaNbO3 :0.1Mn) -41891.8 25.22 6.19 10-5 

Na   (NaNbO3 :1Mn) 
1260 - 1490 

-42260.1 26.01 1.00 10-4 

O2  (NaNbO3 :1Mn) -42260.1 25.48 5.91 10-5 
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10.3 Discussion on Mn-doped Sodium Niobate 

The	doped	samples	were	not	perfect	in	terms	of	the	desired	Mn-concentration.	It	was	
found	 that	 both	 prepared	 samples	 had	 a	 Mn	 concentration	 that	 was	 10	 times	
respectively	100	times	lower	than	initially	wanted	(Table	10-1).	Kubacki	et	al.	[138]],	
Molak	et	al.	[188],	Molak	et	al.	[182]	have	outlined	a	solubility	limit	of	Mn	ions	within	
the	 sodium	niobate	 of	 about	≈	 1	wt%	 (≈3	mol%).	 Under	 these	 circumstances,	 the	
analyzed	Mn	amount	in	the	samples	under	consideration	forms	a	solid	solution	with	
sodium	niobate.	
Since	the	covalent	radius	of	Mn	(139	pm)	is	smaller	than	those	of	Na	(166	pm)	and	
Nb	(164	pm)	(pm	=	pico-meter	=	10-12	m),	it	is	possible	for	Mn	to	replace	either	Na	
or	Nb	in	the	crystal	lattice.	
X-ray	photoelectron	spectroscopy	experiments	by	Kubacki	et	al.	[143]	have	indicated	
that	 Mn	 ions	 replace	 Nb5+	 ions	 and	 Molak	 et	 al.	 [181]	 have	 described	 that	 the	
symmetry	of	NaNbO3:xMn	single	crystals	remains	unchanged	if	the	real	concentration	
of	Mn	dopant	is	lower	than	1wt%.		
In	contrast	to	this	Bykov	et	al.	[190]	found	by	EPR	that	Mn2+	ions	replace	Na+	ions.	
The	partial	pressure	of	Na(g)	and	O2(g)	is	higher	over	the	Mn	doped	sodium	niobate	
than	over	the	single	crystal	(Fig.	10-1).	This	is	only	possible	when	the	thermodynamic	
activity	of	 sodium	 is	higher	 (sample	 is	 less	 stable)	 in	 the	doped	sample	 than	 in	 the	
pure	one.	Indeed,	it	was	found	that	the	activity	of	the	Mn-doped	samples	at	1200	K	is	
about	20	times	higher.	The	estimated	values	are	3.2	10-2	 for	NaNbO3:0.1Mn,	3.0	10-2	
for	NaNbO3:1Mn,	and	1.8	10-3	for	the	pure	NaNbO3.		
Here	 is	 a	 similar	 situation	 given	 to	 that	 describe	 in	 chapter	 6	 for	 Mn-doped	 lead	
titanate.	 The	most	 stable	 un-doped	 structure	 according	 to	 the	 activity	 of	 sodium	 is	
NaNbO3.	 Consequently	 this	 means	 that	 manganese	 seems	 to	 weaken	 the	 bonding,	
either	by	replacing	niobium	or	by	moving	into	interstitial	places	of	the	structure.		
This	is	also	indicated	by	a	lower	sublimation	enthalpy	of	the	Mn-doped	sample	(Table	
10-3)	 in	 comparison	with	 the	 un-doped	 one	 listed	 in	 Table	 8-10.	 In	 respect	 to	 the	
clarity	of	the	Fig.	10-1,	the	partial	pressures	of	Na(g)	and	O2(g)	over	NaNbO3:1Mn	are	
not	shown,	since	they	are	nearly	the	same.	But	the	small	differences	between	0.1	Mn-	
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and	1Mn-doped	samples	can	be	seen	in	Fig.	10-2	where	the	equilibrium	constants	of	
Kp(8-2)	 of	 Na2O(c),	 Kp(8-9)	 of	 NaNbO3(c)	 and	 Kp(10-2)	 of	 NaNbO3:0.1Mn(c)	 and	
NaNbO3:1Mn(c)	are	depicted.	
The	 small	 differences	 also	 go	 confirm	 in	 accordance	 with	 the	 differences	 in	 the	
element	analysis	of	Mn	(Table	10-1).		
Replacing	sodium	by	manganese	would	reduce	the	activity	(Raoult’s	 law	[176])	and	
the	vapor	pressure	would	be	below	that	of	pure	sodium	niobate,	which	is	not	seen	in	
the	 measurements.	 This	 implicates	 that	 Mn	 does	 not	 replace	 Na	 in	 the	 perovskite	
structure.		
Table 10-3: Synopsis of thermodynamic enthalpy data from vaporization- and caloric- studies on Na2O(c), 
NaNbO3(c) and NaNbO3with 0.1wt% and 1wt% Mn(c) 

Enthalpy of  formation 
like reaction(8-28) 

0.5 Na2O(c) + 0.5 Nb2O5(c) 
+0.1Mn = NaNbO3:0.1Mn(c) 

∆fH(298) 

NaNbO3:0.1Mn 
-1242.3 ± 7 kJ mol-1 

Enthalpy of reaction  
(2-25) (8-9) (8-31) 

Na(g) + 0.5O2(g) + NbO2(c) 
+0.1Mn = NaNbO3:0.1Mn(c) 

∆rH(298) 

NaNbO3:0.1Mn 
-74.9 ± 7 kJ mol-1 

Enthalpy of  sublimation 
∆subHT 

 ∆subHT 2
nd law ∆subHT 3

rd law 

NaNbO3:0.1Mn 1350 K Na(NaNbO3:01Mn)(c)  = Na(g) 349.3 ± 2 kJ mol-1 349.8 ± 5 kJ mol-1 

NaNbO3:1Mn  1350 K Na(NaNbO3:1Mn)(c)  = Na(g)  347.0 ± 7 kJ mol-1 349.5 ± 2 kJ mol-1 

Source Selected reactions 
∆rHT 2

nd law ∆rHT 3
rd law ∆rGT ∆rST 

kJ mol-1 J mol-1 K-1 

NaNbO3 
0.1 wt% 
Mn 
1350 K 

Kp(10-1) 
2 NaNbO3:0.1Mn(c) =  
2 Na(g) + O2(g) + 2 NbO2:0.1Mn(c) 

1047.1 ± 3 1049.5 ±13 571.7 ±13 354.0 ± 6 

Kp(10-2) 
NaNbO3:0.1Mn (c) =  
Na(g) + 0.5O2(g) + NbO2:0.1Mn (c) 

522.4 ± 2 524.8 ±13 285.9 ±14 177.0 ± 5 

NaNbO3 
1 wt% 
Mn 
1350 K 

Kp(10-1) 
2 NaNbO3:1Mn (c) =  
2 Na(g) + 0.5 O2(g) + Nb2O5:1Mn(c) 

1065.7 ± 6 1048.6 ±  8 565.6 ±10 357.8 ± 7 

Kp(10-2) 
NaNbO3:1Mn (c) =  
Na(g) + 0.25O2(g) + 0.5Nb2O5:1Mn(c) 

527.0 ± 7 524.3 ±12 282.8 ±11 178.9 ± 6 

NaNbO3 
1370 K 

Kp(8-8) 
2 NaNbO3(c) =  
2 Na(g) + O2(g) + 2 NbO2(c) 

1388.2 ± 2 1386.1 ±  3 580.6 ±9 587.9 ± 6 

Kp(8-9) 
NaNbO3(c) =  
Na(g) + 0.5O2(g) + NbO2(c) 

694.6 ± 7 693.6 ±13 290.3 ±9 294.0 ± 5 

Na2O  
1000 K 

Kp(8-2) Na2O(c) = Na(g) + 0.5O2(g) 604.6 ± 6 601.7 ± 3 332.8 ± 9 268.9 ± 9 
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11 Conclusion for Mn doped Sodium Niobate 

The	 vaporization	 studies	 have	 shown	 higher	 partial	 pressures	 of	 Na(g)	 and	 O2(g)	
over	Mn-doped	sodium	titanates.	A	possible	explanation	for	this	is	that	Mn	diminishes	
the	bonding	site	between	the	oxygen	atoms,	when	the	B-side	cation	Nb,	is	replaced	by	
the	smaller	atom	Mn.	The	face	centered	oxygen	atoms,	attracted	by	the	smaller	center	
atom	Mn,	will	 than	 lose	some	binding	strength	with	 the	result,	 that	sodium	is	more	
volatile.	
Sodium	 (Na)	 is	 not	 replaced	 by	manganese	 (Mn),	 otherwise	 the	 activity	 would	 be	
smaller	which	not	the	case.	
The	thermodynamic	activity	at	1200	K	is	3.2	10-2	 for	NaNbO3:0.1Mn	and	3.0	10-2	 for	
NaNbO3:1Mn.		
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12 Final Remarks  

The	thermodynamic	data	deduced	in	this	work	are	the	result	of	a	combination	of	both	
gas	phase	and	condensed	phase	studies.	Successfully,	it	has	been	shown	for	the	first	
time	that	three	different	and	independent	experimental	approaches,	have	issued	the	
same	 result	 for	 the	 formation	 of	 the	 perovskites	 lead	 titanate	 and	 sodium	 niobate.	
Two	 approaches	 are	 vapor	 phase	 studies	 with	 different	 gas	 species,	 i.e.	 the	
determination	 of	 sublimation	 enthalpy	 and	 activity,	 and	 the	 third	 one	 is	 a	
combination	of	vapor	and	condensed	state	studies,	i.e.	Σ–plot		
The	 vapor	 phase	 under	 Knudsen	 conditions	 behaves	 as	 an	 ideal	 gas.	 Each	 gaseous	
species	is	independent	and	interacts	only	by	statistical	impacts.	Reactions	caused	by	
the	 impacts	 or	 by	 vaporization	 (sublimation)	 processes	 from	 the	 condensed	 phase	
define	 the	 equilibrium	 state	 between	 gas	 and	 condensed	 phase.	 In	 contrast	 to	
condensed	phase	studies,	i.e.	solution	calorimetry,	the	vapor	phase	over	a	sample	will	
reach	 much	 faster	 the	 homogeneity	 in	 distribution	 and	 will	 attain	 an	 appreciable	
equilibrium	state.	Contaminations	in	the	condensed	phase	will	definitely	influence	the	
results	 of	 solid	 state	 studies	 and	 properties.	 This	 is	 not	 necessarily	 be	 given	 in	 the	
vapor	 phase	 and	 under	 equilibrium	 state	 conditions.	 Only	 if	 they	 interact	 in	
macroscopic	 dimensions	 with	 molecules	 in	 the	 gas	 phase	 and	 in	 case	 of	 their	
influence	on	the	equilibrium	state,	one	has	to	consider	them.	The	Knudsen	effusions	
mass	 spectrometer	 can	 easily	 distinguish	 between	 these	 situations	 and	 is	 immune	
versus	impurities	that	have	no	content	in	the	vapor	phase.		
The	 vapor	 phase	 studies	 with	 the	 method	 of	 Knudsen-effusion-mass-spectrometry	
have	 the	advantage,	 to	analyze	 in-situ	 the	molecules	 in	 the	vapor	over	a	compound	
under	 equilibrium	 conditions.	 This	 state	 is	 a	 must	 for	 the	 determination	 of	
thermodynamic	 data.	Methods	 to	 determine	 directly	 the	 chemical	 constitutions	 are	
giving	mainly	only	information	about	the	elements	and	not	about	the	molecules.	The	
molecules	 in	 the	 vapor	 phase	 are	 mostly	 different	 from	 the	 molecules	 in	 the	
condensed	phase.		Even	total	pressure	measurements	cannot	distinguish	between	the	
existing	species.	Only	the	KEMS	is	able	to	determine	directly	the	partial	pressures	of	
the	vapor	species.	



12  		Final Remarks	 148	

 

The	equilibrium	constant	Kp	for	the	perovskites	defines	the	oxygen	partial	pressure	of	
the	 sample	 under	 equilibrium	 state	 and	 given	 temperature.	 This	 condition	 is	
continuously	disturbed	under	kinetic	conditions	and	the	sample	tries	to	compensate	
for	the	vapor	changes.	The	balance	depends	on	the	vaporization	coefficient,	which	is	
smaller	than	1	(in	equilibrium	it	is	1).	Conditions	that	reduce	the	partial	pressure	of	
oxygen	below	the	equilibrium	state	(e.g.,	vacuum	or	inert	gas)	diminish	the	stability.	
In	contrast	to	this,	processes	in	an	atmosphere	with	higher	oxygen	partial	pressures	
promote	 the	 stability.	 Especially	 sample	 synthesis	 (e.g.,	 in	 vacuum)	 under	 non-
equilibrium	 state	 condition	 will	 often	 not	 lead	 to	 the	 desired	 product.	 This	 is	 in	
principle	valid	for	all	oxide	systems.	
Oxide	sample	preparation	is	at	its	best,	if	the	oxygen	partial	pressure	of	the	system	is	
in	 equilibrium	 with	 the	 other	 reactants.	 With	 the	 knowledge	 of	 the	 equilibrium	
constants	 for	 the	 single	 reactants,	 it	 is	 possible	 to	 find	 the	 best	 conditions	 for	 the	
oxygen	 pressure,	 were	 the	 sum	 of	 all	 partial	 pressure	 of	 the	 reactants	 are	 equal.	
During	 heat	 treating	 of	 the	 sample,	 the	 loss	 of	 material	 would	 be	 stoichiometric	
proportional	and	the	chemical	composition	would	not	degrade.	
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Å Ångström, 1 Å=10-10 m 
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Alk Alkali element 

AE Appearance Energy 

bgr Background 

DCP Direct current arc (plasma) 

DTA Differential Thermal Analysis 

DropC Drop Calorimeter 

DSC Dynamic Scanning Calorimetry (also Differential Scanning Calorimetry) 

EPR Electron Paramagnetic Resonance 

ICP Inductively coupled plasma 

IE Ionization Energy 

KC Knudsen cell 

KEMS Knudsen Effusions Mass Spectrometry 

kV Kilo Volt, 1000 V 

l/min Liter per minute 

MHz Mega Hertz, 106 s-1 

MIP Microwave induced plasma 

MS Mass Spectrometer, Mass Spectrometry 

m/e Mass to charge ratio 

OES Optical Emission Spectroscopy 

RA Ionic Radius of element A in Perovskite (ABO3) 

RB Ionic Radius of element B in Perovskite (ABO3) 

RO Ionic Radius of oxygen (O) in Perovskite (ABO3) 

ref  Reference 
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XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

EDX Energy dispersive X-ray spectroscopy 
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