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PREFACE

It is well known that a perfect crystal, i.e., one in which all
identical lattice points are occupied by ildentical ioms, no other sites
being occupied, cannot exist at temperatures above O K. Real crystals
always show a number of deviations from ideal crystal structure, a number
that increases with rising temperatures. Several kinds of deviations are
known. First, the atoms or ions are not stationary at fixed lattice
points, but execute vibrations arocund an equilibrium site. We also find
that lattice sites are not occupied, or may be occupied by different
atoms., It likewise happens that some locations which should be unoccu-
pied in fact contain atoms. Both lattice vibrations and point defects
influence the physical properties of the solid state to a very high de-
gree. We may cite their effects on thermal conductivity, luminescence,
diffusion and electrical transport properties.

In the past, our knowledge of defect chemistry was developed and
increased by the work of Frenkel,1 Schottky,2 Wagner,3 Kroger and Vink,A
and a large number of contributions have been published. The most recent
work deals with the description of unitary and binary phases while, in
the latter, equiatomic compounds MX are usually considered. Schmalzreid
and Wagner5 considered the defect chemistry of ternary systems. However,
in their work only little attention was paid to the relations between

electrical transport properties and the ambient atmosphere.
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Strontium titanate has a cubic perovskite structure, and has tech-
nological dmportance in the photolysis of water, oxygen sensors, and in
magneto hydrothermal (MHD) operations. Also, in recent years, strontium
titanate has attracted much attention, both experimental and theoretical,
6-8

due to its many and varied properties, including superconductivity,

.9 .
a second-order structural phase transition” and a stress-induced phase

transition.lo

The purpose of the present investigation is to study the defect
structure of SrTiO3 with different cation-cation ratios and with foreign
atoms. The techniques employed are: thermogravimetry, X-ray powder
diffraction, laser Raman spectroscopy, scanning electron microscopy

(SEM), and high temperature electrical conductivity measurements.
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ABSTRACT

The compound LaXSr xTiO3 with X up to 40 at.” was observed to be

homogeneous by microscopic examination. The observed X-ray powder dif-

1-

fraction pattern corresponds to the cubic perovskite structure, The
plot of lattice constant a, vs X indicated a Vegard's law dependence
within experimental error. Gravimetric measurements on pure and lantha-

num doped SxTiO, have shown that the reversible change of oxygen content,

3
between specified states of oxidation and reduction, is proportional to
the dopant concentration. These measurements indicate that the donor-
dopants are ionically compensated by additional oxygen uptake in the
oxidized state. The gravimetrical measurements are explained by a model
involving a shear structure. The electrical conductivity of poly-

¢rystalline SrTiO, with different Sr to Ti ratios and with donor- and

3
acceptor-dopants were determined for the oxygen partial pressure range
of 100 to 10'22 atm., and temperature range of 800-1050°C. For SrT103
with (Sr/Ti) = 1, the data were found to be proportiomal to the -1/6
15

power of the oxygen partial pressure for the oxygen pressure range 10

- 10722 atm., proportional to p02_1/4 for the oxygen pressure range 107"

- 10”15 atm., and proportional to P02+]‘/4

>10_3 atm. These data are consistent with the presence of a very small

for the oxygen pressure range

amount of acceptor impurity in Sr7104. The deviation from ideal (Sr/Ti)
ratio is found to be accommodated by meutral vacancy pairs. For the
donor doped SrTiO3, two kinds of charge compensation were observed ac-

cording to the oxygen partial pressure, via an electronic or a lattice



XX

defect in a LaxSr _XT:LO3 or a LaXSr xT103+x/2 solid solution, respec-

1 1-

tively. For the acceptor (Fe, Al)-doped samples, the p to n transition
is shifted to lower Po2 as compared to the undoped SrTiOB. The conduc-
tivities in the acceptor-doped samples are lower in the n-type region,
and are higher in p-type region, as compared to the values in the un-
doped SrTiO3.
The Raman spectra of SrTiO3 were recorded as a function of tempera-
ture using an argon-ion laser as exciter. At room-temperature the Raman
spectrum was found to be second-order in agreement with the selection
Tules for the cubic perovskite structure. The bands in the second-ovder
spectrum originate largely from pairs of phonons with wave vectors near

the Brillouin zone boundary. On cooling the SrTiO, below 120K, five

3
additional bands appear in the spectra, which are due to first-order

modes of the tetragonal structure. The energies of phonon branches are

deduced, and compared with the results of neutron inelastic scattering

experiments. It is shown that Raman scattering from polycrystalline
solid contains all of the essential features of the Raman single crystal
spectrum.

Factor group analysis were made for the Ruddlesden-Popper phases
(nSrTiO3'SrO) up ton = 25. These analysis did not yield a simple band
multiplicity, even though the space group Dié, [I4/mmm] was presexrved by
stacking the cubic perovskite (SrTiO3) blocks., Not all the Raman active
modes predicted by factor group analysis were actually observed for these
phases and this may be due to poor coupling of the vibrations between

individual segments of the enlarged unit cell.



1. TINTRODUCTION

One of the prime interests of scientists working with defect crys-
tals is concern with the control of the concentrations of various defects
in crystals, and hence the control of the crystal properties related to
these defects.

Generally, six types of primary inperfections are distinguished;
namely phonons, dislocations, electrons and holes, excitons, vacant
lattice sites (or interstitial atoms or ioms), and foreign atoms or ioms
in either interstitial or substitutional positions.l1 In addiction, atoms
of the base crystal may be present at lattice sites normally occupied by
other atoms (the anti-site disorder).

Five types of primary imperfections will be dealt with here; namely:
vacant lattice sites, interstitials, misplaced lattice atoms, foreign
atoms, and electrons and holes. Phonons will not be mentioned explicitly,
although their presence will be assumed in order to account both for
thermal disorder and for the establishment of thermal equilibrium. The
first two types of imperfections are shown schematically in Figure 1.

The foreign atoms may be present substitutionally or interstitially de-
pending on their atomic size in relation to the size of the various sites.
The concentrations of the various imperfections are not independent of
each other. It is the purpose of this section to show the type of rela-

tions existing between the concentrations of the imperfections.



A A A A AAA A A A A A AAA A
A A A A A A A A A A A A A
A A A A A A A A
A A A AAA A A A
A A A A A A AAA A A A A A
A A A A A A A A A A A A A AR AR
(a) (6) (c)
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1.1 Stability of Crystal Disorder

For purpose of illustration, let us consider an elemental crystal
containing vacancies. Let us start with N atoms arranged on N lattice
sites in the crystal. The free energy of the perfect crystal will be
G*. Llet us now remove n atoms from the crystal and place them on the
surface. We have, therefore, formed n vacant sites. Each of these
vacancies will be associated with an enthalpy of formation, AHV, angd
vibrational entropy resulting from the disturbance of the nearest neigh-
bors, ASV. There will be a configurational or mixing entropy change

associated with the formation of n vacancies given by,

For the perfect crystal w = 1. We may readily find w' since we now
have n vacancies and N atoms distributed among (N+n) sites. Tt can be

shown that

(N + n)!
NI n!

ASC =K lnw' =K ln
In these expressions w and w' represent the number of ways of distributing
the n vacancies in the ecrystal containing (N+n) sites and K represents

the Boltzmann constant. In a perfect crystal there are no vacancies and
hence the value of w is taken as unity. The value of w' is obtained from

a simple statistical interpretation of theory of randommess. Using

Stirling's approximation we find



n
+n ln oy €9

N
ASC = -K [N In YEIET

and therefore

AG = G-G* =n AH_ - T (AS_+n * AS )
v C v

or

G - G¥ = n AH + KT [N 1n ~ T AS (2)
v v

N n
Meqy T 0 In (I\‘-+n):|

In Figure 2 is shown a plot of n(AHv - TASV), ASC and G as a function

of n. The entropy contribution,ASc, is always negative, and in fact has
a slope equal to - = at n = 0, From Figure 2, therefore, it is observed
that introduction of vacancies lowers the free energy of the crystal un-
til an equilibrium concentration is reached, after which G increases
again. This equilibrium concentration may be readily calculated in prin-

ciple since at this concentration, 3G/3m = 0., Thus, using equation 2,

we find
3G _ o _
e AHV - T ASV + KT 1n M) =0

Upon rearrangement,

AS -AH
L V1| & v
Nn - P TK *P|TRT
The fraction of total sites vacant may be expressed as Xv and

ASV —AHV —AGV
Xg s e | | e [T S e | F )




T Gp(n

kT |Nin

N n
(N+n) "”h‘m-on)]

Number ol defecls (n) —-

Figure 2. FREE ENERGY OF A CRYSTAL AS A FUNCTION OF DEFECT
CONCENTRATION.



From equation (3) we find that vacancies are indeed stable in the crystal

at any temperature greater than absolute zero, and that the mole frac-

tion varies exponentially with temperature.

The imperfect crystals may be divided into two classes, namely,

stoichiometric and nonstoichiometric.

1.2 Atomic Disorder

In a perfect stoichiometric oxide MO, five primary types of atomic

disorder can be distinguished.™

a)

b)

c)

d)

1-3

equal number of vacant sites on M sublattice (Vm) and

0 sublattice (VO). [Schottky-Wagner defect]

MO = MO + 8V + &V § <<
m [a]

equal numbers of vacancies on

and M interstitial ions <Mi)

MO ?—‘M(1_5>O + avm + SMI,

equal numbers of vacancies in

and O interstitial ioms (Oi)
MO *'MO<1_6> + 5VO + 501

equal concentrations of M and

[Anti Schottky-Wagner defect]

1 (&)

the M sublattice (Vm)

(Frenkel defect]

(3)

the O sublattice (VO)

[Frenkel defect])
(6)

O interstitials



MO -~‘M<l_5) o<1_5) + ‘dMi + 501 (7)

e) M ions occupy O sites and O ions occupy M sites
[Antistructural defect]

MO =M(1_5> 0(1_5) + BMO + 5om (8)

Combinations of these five types of defects are also possible. We
have assumed that 8<<1 so that in writing equilibrium constants for the
above reactions we shall consider concentrations of the atoms on normal
sites to remain virtually constant. We shall also use the further
approximation that the defects are sufficiently dilute to replace their

activities by their concentrations. We may now write

v v} =x, = Ksl (9
v} ) =Ky = K.Fl (10)
[V 1 [o4) = K¢ = KFZ (11)
M7 [0} =K, = K52 (12)

where Ksl, KFl, KF2, and Ksz are equilibrium constants for reactions (4)
through (7) respectively. The antistructural disorder is not considered

here. Furthermore, since the equilibrium constant may be written

. [—AGF]
*PLRT
AR® AS®
e P
exp [ RT] + [T} (13)

~
I

[/}



where Acg’ AH;, and AS% are respectively the standard Gibbs free energy,
enthalpy and entropy of formation for the reaction as written, each of
the defect reactions will have thermodynamic formation terms associated
with dc.

It should alsc be kept in mind that in addition to the above un-

associated defects, associations between defects are possible. There-

fore, further defect reactions of the form,
v, V3= [v.) (V] (14)

where [Vm, Vo] refers to a metal vacancy-oxygen vacancy complex, may be
written. Similarly
(V.1 [v]
_m ___° _ KS (15)

(v ,v 1 3

m’ o
with its thermodynamic formation terms as in equation (13).
The concentrations of defects expressed in the proceeding equili-

brium relations are not independent of cne another. We may write

m.) X
1

R
==K (16)

16
[VO] S

-

as an example of the relationships that exist between the various defect
Teactions.
Thus far we have only considered those atomic imperfections that

preserve stolichiometry. Stoichiometry is a special limiting case of the



phase equllibria, and departures therefrom are likely to occur on either
the metal excess or oxygen excess side of the stoichiometry if the
limiting case of stoichiometrry exists. A departure from stoichiometry

on the metal excess side may be expressed as
M 4+ MO =M. + MO (17)
g 1

where Mg refers to metal in the gas phase. Equation (17) may be rewritten

as

Mg #Mi (18)

Therefore, assuming that M is an ideal gas

(19)

where Pm refers to the partial pressure of the metal. Metal excess could

also have been accommodated by

5Mg + (1-6) MO ~—M01_5 + Bvo (20)
oY
Mg = Mm + vo (21)

- x (22)
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Similarly for an oxygen excess departure from stoichiometry

1/2 0, =0 +V (23)
o] m

2

where O2 refers to oxygen gas and O0 an oxygen atom in a normal oxygen

sublattice site, or

1/2 o, = 0, (24)
2 i

where Oi stands for an interstitial oxygen atom.

The equilibrium constants for reactions (23) and (24) are:

v )
172 © K3 (25)
s

2
and

IOi]
—P 177 " K24 (26)
°,

We may consider reactions (21) and (23) to express the deviations from
stoichiometry. We may express the deviation from stoichiometry in terms
of the oxygen pressure only since by combining the relationships between

defects,

1
~

_ ~1/2 _
[vm] [vo] = K23 Pm Koy PO2 51 27

or
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p =x, p /2 (28)

Egquation (22) then becomes

1/2
v, Po2 = Kyg (29

1.3 Electronic Disorder

All electrons in an insulating crystal are in the state of "lowest"
energy at low temperatures. At higher temperatures when the entropy
plays a role, part of the electrons occupy higher states under equili-
brium conditions, This may be considered as a type of defect parallel
to atomic disorder and may be called electronic disorder.

Two types of excited electronic states can be distinguished:

a) states not involving atomic imperfections

b) states involving atomic imperfections.

1.3.1 FElectronic disorder not involving atomic imperfections.

Electronic disorder not involving atomic imperfections is referred to as
intrinsic electronic discrder. As the temperature is increased, thermal
excitations can free an electron from the interatomic or valence bonds.
This creates simultaneously an electron of higher energy and a hole
avallable for conduction if an electric field is applied. Free electrons

and holes generated by thermal motion are free to recombine continuously.
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The formation and the annihilation of the quasi-free charge carriers can

be described by the following equilibrium equation
np =n + p (30)

where n is 2 thermally excited electron available for conduction and p,
an electron hole which also contributes to the conductivity. Applying
the mass-action to the above reaction, one finds the following relation

between the concentrations of the electrons (n) and the holes (p),

() (p] = K, (31)

1.3.2 Electronic Disorder Involving Atomic Imperfections. Imper-

fections may make two kinds of addictional excitation processes possible,
namely
a) excitation in which electrons associatred with the im-
perfections are brought into states in which they can
move freely through the crystal; and
b) excitation in which normal valence electrons of the
crystal are transferred to the imperfections.
Excitation (a) corresponds to transitions between the local level
and the conduction band. An oxygen vacancy can be jonized once according

to the reaction

V SV +n (32)

and still further in accordance with the relation
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VO w—vo + n (33)

where Vo refers to a singly ionized oxygen vacancy, V; refers to a doubly
ionized oxygen vacancy and the dots indicate positive charges on the

atomic defects. The equilibrium constants for these ionizations are

(V] (n]

- X (34)
32

v_]

and

[V;] [n}

—— =K, (35)
v']

(v} In)?

T T Ky Ky =Ky (36)
v, ]

Excitation (b) corresponds to transitions between the valence band
and the local levels; free holes are consequently formed in the valence
band. Vacancies on the metal sublattice offer an example for this type
of excitation. These vacancies may accept valence electrons. For the

ionization of a metal vacancy we have

= y!
Vﬁ Vm + P (37)
and
o= g
v o Vm + P (38)

where V; and V; refer respectively to a singly and doubly ionized metal

vacancy and the prime stands for a negative charge on the defect. The
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equilibrium constant for these ionizations are

(V1] (P)

v,

g
~

37 (39)

and

(V'] (P]

n
~

(40)
, 38
[v!]

or

u 2
[v') [P)

IR
=
=

1
b

= (41)
[vm] 37 38 41

1.4 Relationship between the various states of atomic and electronic

disorder

When considering the relationships between the various imperfections,
further simplifications may be derived among the various states of dis-
order. By combining equations (34), (9), (31), and (39) we may write
V'] [V'] = K!

( O] { DJ] KS1 (42)

The relations between equations (36), (9), (31), and (41) result in

{v;] [v;] = Kg (43)
1
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Now, we shall consider the changes in concentration of the various
states of atomic and electronic disorder as a function of oxygen partial
pressure in a crystal MO when the native imperfections are Schottky-
Wagner type with doubly ijonized anion and cation vacancies. There are
eight unknown concentrations of the quantities n, P, Vm, Vo’ Vé, V;, V;
and V;. Therefore, eight equations must be employed to solve for the
concentrations of these defects. In addition to equations (42) and (43),

the following equations need to be considered:

V) IV ) =K (9
1
o . 1/2
V) = Koy Po2 (25)
(V'] [p]
v )
(v (P (
> x 41)
41
(v]
[n] {P) = Ky (31)
[P) + [v;] + 2 [v(‘)‘] = [n) + (V') + 2 [V") (44)

The last relation [equation (44)] is just the condition requiring electri-
cal neutrality in the oxide crystal. When the concentrations of parci-
cular defects are dominant, the electrical neutralitv condition, equation

(44), may be separated into nine limiting cases,
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The nine limiting cases of the electrical neutrality condition allow
simplification of the seven defect equations involving equilibrium con-
stants so that with eight equations and eight unknowns the concentration
of the defects can be calculated as 2 function of POZ. The Pg, depen-
dences for the concentrations of the eight defects for each of the nine
limiting cases of the neutrality condition are given in Table I. Figures
6 through 9 show the variation of the defect concentration with POZ’ that
results from the previous considerations. Arbitrary values for the equi-
1ibrium constants are assumed while drawing these plots.

The width of the respective regions in the plots depend upon the
relative values of the seven eguilibrium constants, The symmetry of the
figures depend on the assumption that K = K,, = K38 for illustrative

32 33

purposes.

1.5 Effect of foreign atoms

If an impurity atom is introduced into the MO lattice, the wvalence
state of the impurity must be considered, since the introduction of other
than divalent impuriries will necessitate the modification of the defect
structure to mailntain the electrical neutrality of the oxide crystal.
Foreign atoms which are incorporated in the crystals are found to influ-
ence properties in various ways. Thus, the incorporation of cadmium or

13,14

calcium in AgCl and AgBr enhances the lonic conductivity. Incor-

poration of lithium in NiO under oxidizing conditions increases the con-

centration of free holes, and therewith, the p-type conductivity.ls’l6



Table 1,

P02 DEPENDENCE OF DEFECT CONCENTRATIONS FOR EACH OF THE

NINE LIMITING CASES

OF THE ELECTRICAL NEUTRALITY CONDTTTON

Region ¥  Region LI Reglon TIIT Reglon IV  Reglon ¥ Regfon VI Hegion VIX Region YIII  Regfon IX

pefect  {pl=Iv)]  [p)=2(82°1  [v2)=20v)'1  Tel=fal  I¥1)=(vI) IV1=(v2') 209)0=1v0]  [nd=2(v)°1  (n)=IV]

[n] -1/4 -1/6 -1/3 0 -1/2 ~1/4 -1/3 -1/6 -1/4

[pl 1/4 1/6 1/3 0 1/2 1/4 L/3 1/6 1/4
[v;] 174 1/3 1/6 1/2 G 1/4 1/6 1/3 1/4
[V;] -1/4 -1/3 -1/6 -1/2 o -1/4 ~1/6 -1/3 -1/4
[V;'] ] 1/6 -1/6 142 -1/2 0 -1/6 i/6 0
[U;'] 0 -1/6 1/6 ~1/12 1/2 Q 1/6 -1/6 0
{Vm] 1/2 1/2 L/2 1/2 1/2 1/1 1/2 112 1/2
(v, 1 -1/2 -1/2 -172 -1/2 -1/2 -1/2 -1/2 -1/2 ~1/2

A
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Gallium incorporated in CdS under sulfurizing conditions changes the
colox of pure CdS from yellow to a bright red. 1In contrast, the incor-
poration of gallium under reducing conditions leaves the color unchanged.
However, it causes the electronic conductivity to increase substantial-
ly.17 These few examples may suffice to show that the incorporation of
foreign atoms may have a variety of consequences which depend on the base
crystal, the valence state of the foreign atom and the site at which the
Impurity atom occupies in the lattice.

The following discussion will be concerned only with the incorpora-
tion of the impurity atom on the metal sublattice. This limitation ap-
proximates the actual effect of the impurity atoms, since the concentra-
tion of electropositive impurities are dominant. If a less electro-
positive element is an impurity in the MO lattice, then one must consider

the 1onization,

(113 [p]

1)

= K, (45)

where Ié refers to an ionized acceptor impurity ion on a normal metal
sublattice site and Im is an ilmpurity ion on a regular metal site.

The ionization of the impurity requires the inclusion of the new
charged defect that is created in the electroneutrality condition. The
new electroneutrality condition for the case of a less electropositive

element as an impurity is

[P) + [Vl + 2 [VD] = [n] + [VI] 42 (V'] + [1)) (46)
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Since the total concentration of impurity remains constant, we may write

[T2] + [T} = (1] ., = constant (47)

and for the case of complete ionization,

[Im] = [Im]total = constant (48)

The effect of the addition of the acceptor impurity which is com-
pletely ionized on the previous example of nonstoichiometric MO exhibiting
Schottky-Wagner disorder given in Figure 3 is shown in Figure 7.

If a donor element is zn impurity in the MO crystal, then the ioni-

zation

(1) [0

(1)

X (49)

49

where Im and Im refer respectively to an ionized impurity ion and an im-
purity ion on normal metal sublattice sites, must be considered. The new

charge neutrality condition for this case is

[P} + (V0] + 2 (V)] + [17] = [n] + [V)] + 2 [V)] (50)

Also for the case of complete ionization we may write
[Im] = [Im] = constant \ (51)

The defect concentration diagram is given in Figure 8 for the case of MO

containing a donor impurity. It should be noted that the stoichiometry
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indicated from a p to n transition for the pure MO crystal illustrated
in Figures 3 through 6 will be shifted to lower oxygen partial pressures
when acceptor lmpurity is added and to higher P02 for the case of addi-

tion of a donor impurity.

1.6 Imperfections in Ternary compound of the type ABO3

The way in which the dependence of the defect concentrations on the
oxygen partial pressure in a ternary compound ABO3 is found will be il-

lustrated with reference to the simplest case first, Let us suppose that

at a certain temperature, the only defects present are VA’ VB’ Vo’ VA, Vé
Vo, n, and P, and further thac [VA] = [VB] and [VA] = [VB]. The defect
equations involved are:
(v,] v,] (V1> =x (52)
A B o s
(Vi) [vil (v =g (53)
A B o s
~ -1/2
[VO] = K54 P02 (54)
- 3/2
(v,] [Vy) = K& Po, (55)
[n] V]
= K56 (56)
[(v,]
(P] [V}
——— % K (57)
v ] 57
A
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[P] [stl :

- = K58 (58)
[VB]

[n] [P] = Ki (31)

and the total charge neutrality condition:
° _ v v
[p] + (V) = [n] + [v;] + [V}] (59)

The assumption that [VA] = [VB] and [VA] = [Vé] further leads to condi-
tion corresponding to the case of K57 = K58' From eguation (55) we now

get

) _ . /2 3/4
[v,) = [v) = Kg~'* Po, (60)

For sufficiently large values of the Pn,, [V!] and [V]!] will be much
02 A B

greater than [V;] and [n]. Then the neutrality condition reduces to
(Vi1 + (V) = [p] (61)
Similarly, for low oxygen pressures

(v] = [n) (62)

For intermediate oxygen pressures, two approximate solutions are possible,
depending on the actual values of the equilibrium constants, Those two

possible simplified neutrality conditions are
1 _ ' e
[Vl = [V3) + (V) (63)

or
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[n] = (p] : (64)

Combinations of equations (54), (60), (61), (62), (63), (64) together with
equations (52) to (58) yields expressions for all defect concentrations as
a function of P02. These expressions are summarized in Table II. Figures
9 and 10 show the variation of defect concentrations as a function of
oxygen partial pressure for the two intermediate neutrality conditions.
The example considered is a rather artificial case., It 1Is fairly
improbably that the equilibrium constants governing the dissociation of
A and B vacancies are the same. The concentrations of V] and V! will con-

A B
sequently differ and so, too, will the concentrations of VA’ and VB.
Furthermore, the imperfections may have a higher level of ionizationm.

Frow these we will consider a case involving defects at a higher

level of ionization. With increasing P02 we may expect the following se-

quence of charge neutrality conditions:

¢

[n] (v,]

4

[n) =2 [V]),

V) = (V) + 2 (vt

n

[p] = 2 [V} + 4 [vy"],

"

(p) = (V] + 2 [V}]

For reasons of convenience we omit the description of neutrality condi-

tions such as [p) = 2 [VX] + 3 [VE'] and [p] = [VA] + 3 [VE‘]. Considera-
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tions of these conditions yield comparable results. The calculated oxy-
gen partial pressure dependence of the completely ionized defect concen-
trations are given in Table III. Figures 11 and 12 illustrate the iso-
thermal pressure dependence of various defect concentrations. Only the
totally ionized defects are included in the Figures. The neutrality con-
ditions in the intermediate regions are [V;] = [VX] + 2 [Vﬁ"} in Figure
11 and [n] = [p) in the Figure 12. Anticipating the results of the elec-

trical conductivity in SrTiO,, we notice that no region where the conduc-

3!

tivity is independent of POZ' This means that In the investigated ranges

of temperature and oxygen partial pressure a neutrality condition [n] =

1/2
i

[p] = K will not exist (Figure 15) or exist in a very narrow region.

1.7 The Incorporation of Foreign Atoms in a ternary oxide ABO3

If we dissolve a foreign component in ABO,, the system changes from

3
three component into a four component system, TIf the vapor pressure of
the dissolved cowponent is lov enough, the gquantity of the dissolved com-
ponent in the solid phase is constant and the increase of one degree of
freedom is compensated for.

Consider ABO3 in which acceptor impurity is dissolved and assume that

21l the acceptor is completely ionized so that

[z ]

m total [IQ] = constant (65) [Eq. 48)

Again we obtain various possibilities for the sequence of reduced neutra-

lity conditions, such as:



Table 1T.

RELATIONS BETWEEN DEFECT CONCENTRATIONS AND OXYGEN PRESSURE IN THE TERNARY OXIDE ABO,.

3
IN THIS CASE ONLY NEUTRAL AND SINGLY IONIZED DEFECTS ARE CONSIDERED
= . L] [) = .
Defect [n] [VO] [VA] + [VB] [VO]
1/2 172 -1/4 -1/2 /2 -1/2 5/4 -=1/u Kl/2 -5/8
[n] Koo Koy Poz 2 Keg Koy Koy K 1 0,
-1/2 -~1/2 1/4 1/2 <1/2 1/2 -s/w 1w 1/2 s/8
[p] K1K56 KSh POZ 2 K56 K57 Ksu Ks I(1 P02
-1/2 -1/2
(v, Key PO, K5y Po,
1/2 -~3/2 3/ 1/2 =3/2 3/u
Val=1g] ks Koy Po, Ys Ko To,
. 1/2 /2 -1/u /2 1/2 1/2 -1/w 1/w -1/2 1/8
[VO] Koo Koy PO2 2 Ky Ko, Koy Ko & PO2
. . 1/2 -1 1/2 =1 1/2 ~1/2 tf2 1f2 -1/w 1 )w -1 )2 o 1/8
[vA]ZWB] K55 l{57 K5n Ks Ki p02 2 Kse Kgy Kgy K Ki 0,

0¢



RELATTONS BETWEEN DEFECT CONCENTRATIONS AND OXYGEM PRESSURE IN THE TERNARY OXIDE ABO

Table 11,

{cont.)

3
IN THIS CASE ONLY NEUTRAL AND SINGLY TONIZED DEFECTS ARE CONSIDERED
Defect In] = [p] [VA] + [Vé] = [p]
1/2 2—1/2 -1/2 -1/v 3/u -3/8
[n] 4 Ko, Ky K, K Po
1/2 1/2 1/2 1/8  -3/u 3/8
tp] 1 2 Xy Ky Ky, Po,
W ~1/2 -1/2
v p K P
o sy 97 su 0,
172 -3/2 3/ 1/2 -3/2 3/u
v, 1=1v,] s K Po, Kg Ky Po,
. -1/2 ~1/2 1/2 1/2 t/w 1/y -1 -1/8
[vo] o qu Ky PO2 2 K. K, K., & 902
' . 1/2 -3/2 -1/2 ifu -1/2 1/2 1/w  -3/y 3/8
[vA]=[vB] - K, qu K, PO2 2 Kg; Ky Ky Poz

1€
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CALCULATED DEFECT CONCENTRATIONS IN ABO, AS A FUNCTION OF
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Table ITII.

P02 DEPENDENCE OF COMPLETELY IONIZED DEFECT CONCENTRATIONS
IN THE TERNARY OXIDE ABO

3
Defect [nl=2[v "1 (Vo 1=[v, " 1+2[ve "] (n]=[p] [pl=2[v, "1+4[vp"" "]
[n] -1/6 -1/4 0 ~3/16
[p] 1/6 1/4 0 3/16
v 1 -1/6 0 -1/2 ~1/8
(Va'1=vg'' "] 5/12 0 374 3/16

Te
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n

4

(0} = (v.), [n) = 2[v_], 2[v]] = [1'],

4

[p] = [T 1, [p] = 2[V,] + &4[VE"],

(e = [V}] + 3[vy'); (66)
(n} = [V ], [n] =2{v]), [n} = [p]

[p] = 2(V}) + 4[VE");

[p] = (v}} + 3[vy") (67)

The variation of the defect concentrations are calculated as before and

the slopes for the log [ ] vs log P02 plots (see Figure 13) are given in
Table IV, The p-n intersection point is moved to lower P02 value in the
diagram for the acceptor doped ABO3 (Figure 13) as compared with Figures

11 and 12, which are for the pure ABO, compound.

3
In Figure 13 the pressure range with neutrality condition 2[V;] =

[I;] is of main interest. In this region,

n « Poz_l/4 and,

1/4
P = P02
The concentration of holes, [p] increases and finally becomes equal to
I;. But before that conditicn is reached we have [p] > [n] and hence the
conductivity changes to p-type with +1/4 dependence on P02. In the region
with charge neutrality condition

2(v)) = (1)),
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Table 1IV.
Po, DEPENDENCE OF THE DEFECT CONCENTRATIONS IN THE
ACCEPTOR DOPED ABO, [see Fig. 13].
= " 1 = ¢ t =
Defect [1-1]—2[\7o ] [Im] ZIVO ] [Im} [p]
[n] -1/6 -1/4 0
[p) 1/6 1/4 0
v ") -1/6 0 -1/2

o
[Vi')=lvg '] 5/12 0 +3/4
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Figure 13, CALCULATED CONCENTRATIONS OF CHARGED DEFECTS AS A FUNCTION

OF POZ FOR ACCEPTOR-DOPED ABO
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the conductivity changes sign. This is actually observed in the present
investigation for deliberately acceptor doped and undoped SrTiO3 (due to
the presence of accldental acceptor impurities).

If the foreign atom is a donor, we have the possibilities for the

sequence of the charge neutrality conditions such as:
(o} = [V ], [n] = 2[V ], [n] = [T ]

(1] = 2[vy] + 4[vy"],

4

(p) = 2(vy) + 4[V5"],

[p] = [V;) + 3([vy'), (68)
(n] = [V.], [n) =2[v_], In} = {p],

(p} = 20V)1 + 4[vy"),

[p) = (V] + 3(vy')

The calculated values of the defect concentration as a function of
Pp, are shown in Table V,

For large donor concentrations we may expect a region in which the
electron concentration is independent of POZ’ (see Figure 14). In the

donor doped ABO,, the p to n intersection point is moved to higher P02

3)
value and within the experimental range one may not observe the p-type
conductivity because the n to p transition will occur at P02>>1 atm. A

flat region (at low PO, range) where the conductivity is independent of

Pp, 1s observed in the present work for the lanthanum doped SrTiOB.



Table V.

Po, DEPENDENCE OF THE DEFECT CONCENTRATIONS IN THE
DONOR-DOPED ABO, [see Fip. 17]

Defect [n]nz[v;'] [n]=["[r;]] [II;1]=2[V;\r]+&[Vév X5
[n] -1/6 0 1/4
[p) 176 0 “i/h
[vé'] -1/6 -1/2 0
[vi'1=(vi''] 5/12 374 0

"7
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Upon increasing the Pp,, the conductivity becomes = -1/4th power of

Po2 as predicted from Figure 14,

1.8 Disorder in a Ternary Compound ABO3 with Non-Ideal Cation-Cation
18,19

Ratio (A/B #1)

The assumption of the cation-cation ratio as constant in order to
thermodynamically define the ternary compound ABO3 is usually not a com-
pletely adequate thermodynamic characterization over a range of tempera-
ture, because the solubility of the binary constituent in the ternary com-
pound will be a function of temperature. Thus, the composition of ABOB,
having a fixed A/B ratio, will correspond to that obtained by equilibra-
tion with a different 2,0 at each temperature.

It has not been adequately appreciated that a fixed cation~cation
ratio does not define the activities of the binary constituents, even at
constant temperature, when the non-metal activity is varied over a signi-
ficant range. Thus, measurements of defect concentrations, electrical
conductivity, or self-diffusion coustants as a function of oxygen pressure
at constant temperature and cation composition are equivalent to making
the measurements with the ternary oxide in equilibrium with a different
activity of binary constituent at each oxygen pressure. The effect can
be very large for easily achievable experimental conditions, and can even

drive the system to a phase boundary with subsequent separation of a

second solid phase.
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The nonstoichiometric compositions (A/B¥#1) must result in the pre-
sence of structural defects. It will be assumed here that VK and V; are

the preferred defects for the incorporation of excess BO, which corres-

2
ponds to the large cation to small cation ratio (A/B) less than unity.

+2

-2
A and Oi being less

The alternative choices of Bi+4 and Oi_2 or B
probable in the close packed structures like in BaTiO3, CaTiO3, and

SrTi05. The defects V; and V; may be associated into neutral vacancy
pairs or remain as charged defects. Both the extreme cases of defect

association and negligible defect association were treated by Smyth18’19

and Eror and Smyth.zo

The variation of defect concentrations as a function of oxygen par-
tial pressure for the cases of negligible and extensive defect association
are shown in Figures 15 and 16 respectively. 1In Figures 15 and 16, PBQ
represent the oxygen partial pressure for the precise oxygen stoichio-
metry, i.e., the oxygen content exactly satisfies the ideal valence re-
quirements of the cations present.

The plots shown in Figures 15 and 16 are based on the ideally pure
material; but, such materials dc not exist in reality. 1In oxides in par-
ticular, the concentrations of intrinsic defects are generally low com-
pared with presently achievable impurity levels. The defect chemistry
is dominated by these impurities and their charge compensating defects

over some range of conditions centered on precise stolchiometry, as can

be seen later in the results and discussion part of the present work in

20,22

SrTiOB. Similar behavior has been reported in BaTiOB.
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2. REVIEW OF RELATED WORK

2.1 Solubility of Lanthanum in Strontium Titanate

The exlstence of a perovskite (ABO3) phase of composition Srl-l‘Sx
LaXTiO3 in the ternary system SrO—TiOz—L3203 has been reported by Tien
and Hummel.2 They have observed ordering phenomena at compositions con-
taining more than 70 mole % L32/3T103 in SrTiO3. These had been cooled
slowly from 1400°C to room temperature. In all their samples the large
cation to small cation ratioc was less than unity. Bouwma et al25 re-

ported that the sample of composition La Sr Ti0, and large cation

3577 .65 3

to small cation ratio unity consisted of two or more phases, one of which
was a perovskite phase. They concluded that this composition lies out-
side the perovskite homogeneity range. Tofield and Scott26 reported that
they were not able to obtain single phase materials of composition Sr0.8
Lao.zTi03‘0_3.10. After firing in oxygen at 1500°C, reduced in hydrogen
at 1100°C and reoxidation in air at 800°C, La203 lines were always present
in thelr compound. The reduced and oxidized forms had identical lattice
parameters (3.9084 A and 3.9080 A respectively). From this they indi-
cated that lanthanum i1s only slightly soluble in SrTiOB. In the struc-
tural analog BaTiO3, Eror and Smyth27 have reported that up to 20 at.Z%Z
barium may be substituted by lanthanum to retaln a2 single phase fully

oxidized material. They did not observe the presence of anv second phase,

by either optical or by x-ray diffraction studies.
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It 1s possible to consider strontium titanate in which lanthanum has

been substituted at part of the A-sites as a mixed-crystal series SrTiO3—

La2/3EH/3TiO3, where O represents the vacancy on lanthanum site. Although

D s . -
pure La2/3 1/3’1‘103 cannot be prepared, small amounts of SrTlo3 suffice

2 , .
for the stabilization of this phase. 8 Similar relationships are found
in lanthana-substituted lead titanate,29 in which perovskite phases of

the composition Pbl—l.SxLaleo3 can be produced.

2.2 Self-Compensation in Lanthanum Doped Strontium Titanate

. 2 .
Tofield and Scott 6 reported that the lanthanum doped SrTlO3 has
no significant range of nonstoichiometry. In the similar system, lan-

thanur doped BaTiO.,, Eror and Smyth27 reported the observation of self-

3,
compensation behavior for up to 20 at.%Z of lanthanum. They have shown
that the reversible change of oxygen content, between specified states
of oxidation and reductiom, is proportional to the dopant concentration.
This range of reversible weight change in oxygen stoichiometry is up to
more than an order of magnitude larger than the oxygen nonstoichiometry
of the undoped BaTiO3.
. +3 . .27

The disorder created by La ~ as a donor dopant in BaT103 should

lend itself to description by Verwey's controlled valency model‘BO By
. +3 +2
this model, there would be compensation for the La on Ba sites by
+3 +3

the creation of equal numbers of TiL ions. The Ti ions are then res-

ponsible for the increase in electrical conductivity. 1In this case the

donor-dopant dominates the positive side of the electroneutrality equation
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and as a consequence the negative defect concentration would be indepen-
dent of equilibrium oxygen activity. This compensation mechanlsm has
also been referred to as controlled electronic imperfection.4 Similarly,
the donor-dopant may be compensated by the formation of charged point
defects that would also be independent of egquilibrium oxygen activity.
This compensation mechanism has been referred to as controlled atomic im-

27,31-36 and stoichiometric compensation.27

4
perfection, self-compensation,
The controlled valency model is appropriate only for dopant concentrations

of a few tenths percent.

2.3 Electrical Conductivity in Undoped and Impurity Added SrTiOng

The electrical transport properties of semiconducting n-type SrTi0

were first investigated by Frederikse et al.,37 who found a band-type

3

conduction process with an electron effective mass much greater than the
free-electron mass and low-temperature mobilities greater than 1000 cm2/
Volt.sec. A theoretical examination of the electronic energy bands of
strontium titanate has been carried out by Kahn and Leyendecker.38 Their
calculations led to filled valence bands derived primarily from oxygen

2p orbitals, and empty conduction bands derived predominantly from ti-
tanium 3d orbitals. From the optical transmission studies on single crys-
tal strontium titanate which was heated in vacuum, Gandy39 determined an
energy band of 3.15 ev. The oxygen self-diffusion has been studied by
Paladino et al.40 in single crysral SrTiO3. Walters and Grace41 investi-

Paladinol.2 studied the

gated the diffusion of point defects in SrTiOB.
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oxidation kinetics of single crystal SrTi0 On the basis of the oxygen

40,42

3
self-diffusion and oxidation measurements, Paladino et al concluded
that an oxygen vacancy defect model was applicable to SrTiO3 at elevated
temperatures.

Walters and Grace43 examined the electrical conductivity and Seebeck
coefficient of SrTiO3 in water-hydrogen atmospheres for a narrow range
of oxygen partial pressure. They also concluded that an oxygen vacancy
model was applicable to their results. Yamada and Miller44 have deter-
mined the carrier concentration by Hall effect measurements for single-
crystal SrTiO3 quenched from equilibrium with various oxygen partial
pressures. All of the reported studies on SrTiO3 indicate that there is
an extensive range at low oxygen partlal pressures <P02) where the con-
ductivity increases with decreasing Poz, characteristic of n-type conduc-
tion related to oxygen deficiency. The structural analog BaTiO, has been

3
studied in much detail both in the polycrystalline’t?22»42748

and single
cryst3120 states. These studies indicate that in the Po2 range near 1
atm., the conductivity increases with increasing POZ’ characteristic of
P-type conduction, related to a stoichiometric excess of oxygen. But
SrTiO3 has not been studied in the past while in equilibrium with P02
near 1 atm., and no equilibrium behavior characteristic of P-type con-
duction has been reported.

The defect structure of SrTiO3 when the Sr to Ti ratio 1s different
from 1:1 is not known to this date. Such deviarions were found to be
accommodated by the formation of neuvtral vacancy pairs (Vga V;) in
20,22

BaTiOB.
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Strontium titanate can be converted into a good n-type semiconducting
material at room temperature either by reduction or by doping with donors.
Frederikse et a1,37 investigated the electrical conductivity and the Hall
and Seebeck coefficients of niobium doped (0.05 and 0.005 wt. %) single
crystal SrTiO3 over the temperature range 4.2-300 K. Tufte and Chapman49

used nioblum doped SrTi0O. and measured the Hall mobility over the tem-

3

perature range from 1.6 to 550 K. They concluded that nioblum donor cen-
ters remain fully ionized down to 1.6 K, The only high temperature study

on donor-doped SrTiO3 is that of Frederikse and HostlerBO who reported

the Hall mobility of niobium and lanthanum doped single crystal SrTiO3

at 1000 K in air. No data on the conductivity of donor doped SrTiO3 at
elevated temperatures and in equilibrium with different oxygen partial
pressures has been found in the literature.

Electrical conductivity of acceptor-doped SrTiO3 has not been stud-

led in the past. We have noted high temperature electrical conductivity

as reported for Al and Ga doped BaTiO3.22’51 For large amounts of

acceptor doped BaTiO the conductivity varied as -1/4th power of oxygen

3’

partial pressure in the n-type region.

2.4 Raman Spectra of Strontium Titanate

The lattice dynamics of the perovskite-type ferroelectrics have re-
52,53

ceived considerable attention in the past two decades. The use of

the Raman effect to study the lattice dynamics of crystals has been sug-

55,56

54
gested and carried out by several authors, In particular, the
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Raman spectrum of SrTiO3 has been recorded in some detail by earlier in-

vestigators.55’57_6o

Some of them have55 interpreted the observed spec-
trum as first-order, even though first-order scattering is forbidden in
the cubic perovskite phase according to the selection rules. In the case
of perovskite structures, the spectraz are guite complex and the value of
Raman studies has been limited because of the difficulty in reliably
interpreting the spectra-Neutron diffraction studies of SrTiO3 have pro-
vided frequency-vs.-wave vector dispersion curves for some of the vibra-

53,61 The neutron diffraction studies also indicated that

tional modes.
near the Brillouin zone center the lowest-energy transverse optic mode
ml(O) [soft mode] decreases in energy as the temperature is reduced.
Cowley53 observed the frequency of this soft optical mode in the tempera-
ture range between 90K and 440K with neutron scattering, and found that
the temperature dependence of the wl(O) is described by wl(O) = K(T~T0)1/2
with TO = 32 * 5K.

The lattice dynamics of SrTiQ., have also been studied by infraread

3
techniques. Last62 has made an approximate calculation of the force con-
stants in SrTiO3 from his infrared measurements. From these force con-
stants he calculated some of the elastic constants. BHe fits his two ex-
perimentally determined frequencies to get the values of force constants
from which he estimates the compressibility. Both Barker and Tinkham,63
as well as Spitzer et 31,64 measured the energy of three active TO modes
and observed that the energy of the ferroelectric soft mode decreased as

the temperature was reduced. Accurate energles for the polar TO mode565

as well as polar LO mode566 at the 2o0ne center are obtained by extended
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analysis of the infrared data. The upper curves having non-zero fre-
guencies in the energy vs. wave vector dispersion plots are referred to
as the optical branch phonons, since they represent frequencies in the
optical (infrared) spectral region. These optical branch phonons are
again classified as transverse (TO) modes and longitudinal (LO) modes.
SrTi0, 1is known to have the ideal cubic structure of the perovskite

3
family of crystals67’68

(Fig. 17). 1In fact awong the titanates, strontium
titanate satisfies well the criterion for stability put forward by CGold-
schmidt based on the empirical rules derived by him.69 Since SrTiO3 is
known to exist only in the cubic form at room temperature where every

atom in the structure lies at a center of inversion, it is not expected

to exhibit any first-order Raman spectrum and only a second-order spec~-
trum is hoped for. The dielectric constant is roughly 300 at room tem-

70,71 5.

perature and increases rapidly as the temperature is reduced.
Curie-Weiss law 1s obeyed down to about 50 K with an extrapolated Curie
temperature of 38 K. The static dielectric constant shows a deviation
from the Curie-Weiss law below 50 K,

Both room temperature and low temperature acoustic properties of

72,74

SrTiO3 have been studied extensively, Acoustic properties of SrTi0

3
at room temperature are in accord with its cubic symmetry. As the tem-
perature decreases down to 110 K, the ultrasonic attenuation abruptly
Increases and the elastic constants are greatly altered. This behavior
indicates that a phase transition takes place at 110 K. Further evidence

for a phase transition at about 110 K was obtained from electron para-

magnetic resonance [EPR]) studies of SrTiO3 containing small amounts of



Figure

17.

STRUCTURE OF CUBIC SrTiO

3

54.
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73,76 Lytle,77 using x-ray diffraction methods, ob-

paramagnetic ions.
served phase transitions at 65 K and 35 K in addition to the cublc-

tetragonal transition at 110 K.

2.5 Ruddlesden-Popper [nSrT10,-SrO0] Phases

When the strontium content of SrTiO3 is increased 1t forms a series

of compounds called Ruddlesden-Popper phases. SrzTiOA, Sr3T1207, and

Sr4T13O10 are examples of the Ruddlesden-Popper type of superstructures.

81-83 Figure 18 shows the structures of these three compounds. 1In

Sr.Ti0,, perovskite SrTiO

2 4 layers are interleaved with SrO layers, form-

3

ing a tetragonal, body centered unit cell. 1In Sr3T1207 and Sr4T13010’

double and triple perovskite blocks of SrTiO, are interleaved with Sr0

3
78,79

layers respectively. For these three compounds the space group is

determined to be Di; {14 /mmm] with two formula units in a crystallographic
unit cell. The a-axis is =3.90 & for all these compounds, while the c-
axis increases from 13.71 to 20.3 to 28.1 A as the number of perovskite

blocks Iincreases from one to two to three, respectivelyv. The first two

8,79

compounds were prepared by Ruddlesden and Popper.7 They also tried

to prepare SraTi3Olo but it was found associated with SrT103 and Sr3T1207‘

The proportion of SrATi3010 depended on the firing schedule. This com-

pound was prepared in pure form for the first time by MacCarthy et 31.80

by firing appropriate amounts of TiO, and SrO over a week at 1475°C, with

2

several Intermediate regrindings.
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Figure 18, STRUCTURES OF SrTiO3, SrzTiOA, Sr3T1207, and SrATiBOIO'
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No detailed investigation regarding the vibrational spectra of these
compounds have been reported. However, we note the rtesults of the factor
group analysis for these three compounds given by White and Kermidas.81
The observed Raman spectra were not discussed in terms of the results
obtained from factor group analysis for these compounds. The same authors
proposed that coordinaticn of titanium 1s octahedral. Infrared absorp-
tion characteristics for SrzTiO4 wvere examined by Tarte.82 He also con-
cluded that oxygen is coordinated around titanium octahedrally. No such
vibrational spectra were investigated or factor group analysis made for

the compounds in the series nSrTiOB-SrO with n>3.
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3. OBJECTIVES

From the discussion of imperfections in oxides it 1s evident that

disorder in the systems of interest [SrTiO and donor-and acceptor-

3)
doped SrTiO3] may be determined by measuring the electrical conductivity
as a function of oxygen partial pressure and temperature.

The results of Tofield and Scott26 indicate that lanthanum is solu-

ble only in very small amounts in SrTiO Based on this they suggested

3
that there 1s no range of nonstoichiometry in the lanthanum-doped SrTiO3.
First we will try to establish the solubility limit of lanthanum in
SrTiO3 by ewploying a special sample preparation technique, namely the

"liquid mix technique”.27'83

In order to see how the donor dopants are
compensated in SrTiO3, thermogravimetric measurements will be performed

by equilibrating the sintered pellets of the lanthanum doped SyTiO, at a

3
fixed high temperature and oxygen partial pressure, and by quenching and
weighing in a conventional microbalance. By the gravimetric measurements
we can find the agreement between the calculated amount of oxygen neces-
gary to compensate the donor-dopant and the measured yeversible oxygen
welght change between the oxidized state at one atmosphere oxygen and
the reduced state established by a CO/CO2 gas mixture.

Electrical conductivity measurements will be carried out in lanthanum-
doped samples as a function of oxygen partial pressure and temperature,
to distinguish the region of ionic and electronic compensations. Such
measurements are planned for the undoped and acceptor doped SrTiO, in

3

order to characterize the defect models. It is noted in Chapter I that
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in BaTiO3, any deviation from the ideal Ba/Ti ratio is accomplished by
the formation of neutral vacancy pairs (VEa V;).20 In this work, we
will be verifying the above result in SrTiO3 by measuring high tempera-
ture electrical conductivity.

For SrTiO3, there are presently two schools of thought that assign
the Raman spectrum either to first-order or to second-order. Observa-
tion of Raman spectra at various temperatures will help to resolve this
controversy. The low temperature spectrum of SrTiO3 will permit the
observation of the additional first-order modes allowed in the tetragonal

phase, since SrTiO. undergoes a cubic to tetragonal phase transition

3
around 110 K. Raman spectral measurements as a function of temperature
are planned for SrTi03.
The existence of ordered members of the series nSrTiO3-SrO

(Ruddlesden-Popper phases) will be studied for different values of n by
preparing the samples by the liquld mix technique. These samples will
be studied by X-ray powder diffraction and Raman spectroscopy technigues.
A detailed factor-group analysis is planned for the Ruddliesden-Popper

phases and the observed Raman spectra will be interpreted on the basis

of the factor-group analysis results,



60.

4, EXPERIMENTAL PROCEDURE

4.1 Sample Preparation

The samples used in this investigation were prepared by a 'liquid
mix technique”.27’83’84 It is important to prepare thermodynamically-
defined samples so that any measurements made on them will be meaningful.
In a single phase binary oxide the compound 1s unambiguously defined if
the activity of one of the components, oxygen partial pressure, is known
and the temperature 1s sufficlently high to establish thermodynamic
equilibrium with the oxvgen-containing atmosphere. For oxides with more
than two components, additional variables must be determined in order to
unambiguously define the system. For a ternary oxide, two independent
variables in addition to temperature and total pressure must be taken
into account. In addition to the oxygen activity one could fix the acti-
vity of one of the cations or the ratio of the two cations. 1If the addi-
tional variable is not fixed, the thermodynamic state of the ternary oxide
is not defined, and the measurements of any disorder phenomena are gener-
ally meaningless.85

When the cations are not volatile one may equilibrate the ternary
compound with an excess of elther cation at the two respective phase boun-
daries. This technique only allows the study of the edges of the single-
phase region and limits the experimental techniques to those that are not

restricted by the existence of a two-phase mixture. A technique has been
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established27’83’84

by which it is possible to knmow the non-volatile
cationic stoichiometries of the major and minor constituents to within a
few parts per million precision (0.001%) and thereby thermodynamically
define the system in gquestion to this precision.

This preparation technique is based upon having the individual
cations complexed in separate weak organlc acid solutions or available
in salts that are soluble in the weak organic acid solutions. The indi-
vidual solutions or soluble salts are gravimetrically analyzed for the
respective cation concentration to a precision of better than ten parts
per million. In this way it is possible to precisely control all of the
cation concentrations and to mix the ions on an atomic scale in the
liquid state. There is no precipitation in the mixed solutions, as they
are evaporated to the rigid polymeric state in the form of a uniformly
colored transparent glass. The glass retains homogeneity on an atomic
scale, and may be calcined at a relatively low temperature (of only a few
hundred degrees Celsius) to the homogeneous single phase oxide of precise
stoichiometry and particle size of a few hundred angstroms.

This technique of liquid mix is quite dintinct from processes in-

volving precipitation from precursors.8 Pyrolysis of these precipi-
tates is a distinct Improvement over solid state reaction of the simple
oxides or salts of the various catiens at high temperatures; however, the
precipltation from a precursor suffers from a restriction imposed by

stoichiometric requirements of the complex szalt with several cations and

lack of homogeneity during the precipitation process.aa
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By using the technique of "liquid mix" one may prepare multicompo-
nent oxides with as high a purity as the starting materials (no subse-
quent milling is required), homogeneity on the atomic scale, and with a
very small particle size of a few hundred angstroms.

The requirements for the "liquid mix technique' to be successful
are that the particular cation solutions be stable with respect to time
at room temperature and stable when mixed together and heated near the
boiling point of the solvent., Solutions of catlons complexed in an
ethylene glycol-citric acid solvent have been found to satisfy these re-
quirements. They do not precipitate or disproportionate either on
storage or when evaporated to the state of a rigid polymeric glass.

Required amounts of strontium carbonate (Johnson-Matthey Corp.,
Spec. Pure) lanthanum carbonate (Rare-Earth Division, Spec. Pure) and
tetra isopropyl titanate sclutlion (Dupont Co., Tyzor) according to the
general formula LaXSrl_xTiO3 were dissolved in an ethylene glycol-citric
acid solution. The rigid transparent polymeric glassy samples obtained
by slow evaporation of the solution were then calcined at 1350°C in air
for a period of 8 to 12 hours. Strontium titanate with different Sr/Ti
ratios were prepared by the same technique using strontium carbonate and
tetra isopropyl titanate solution. Ferric nitrate and aluminum nitrate
dissolved in ethylene glycol-citric acid complex formed the source for

acceptor dopings.
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4,2 X-ray Powder Diffraction

X-ray diffraction analysis of the samples were performed using the
Debye-Scherrer powder technique. Samples were ground and loaded into
the tip of 2 0.2 mm diameter glass needle and aligned in a Siemens Debye-
Scherrer powder camera having a diameter of 57.3 mm. The radiation used
was a nickel filtered Cuk,. A lighted film measuring device was used to
measure the linear diffraction length of the reflections, which were re-
corded to 0.005 mm. Front reflections were used to identify the phases
and both front and back reflections were used to determine lattice para-

meters.

4.3 Thermogravimetric Measurements

For gravimetric measurements, the pure and lanthanum doped strontium
titanate powders were first pressed into small pellets of weight =150 mg
and sintered at 1350°C for about 12 hours in air. These sintered pellets
were suspended in the furnace by means of a basket made with platinum
mesh. Gravimetric measurements were carried out at 1050°C. The samples
were equilibrated in oxygen or carbon dioxide/carbon monoxide mixtures
for the oxidized and reduced states, respectively, and quenched in the
ambient gas by raising the platinum basket rapidly to a cooler part of

the furnace~reaction tube assembly. The CO/CO2 mixture was adjusted to
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provide oxygen partial pressure of 10_15 atm. at the equilibration tem-
perature. All the gases were metered and cleaned as explained in the
following section.

All gravimetric measurements were made at room temperature on at
least duplicate samples on a Cahn Model 4100 microbalance. Each sample
was subjected to at least six cycles of oxidation and reduction and the
average value was taken as the reversible weight change. All the oxi-
dized samples were bright yellow in color whereas the reduced samples

were dark and semiconducting.

4.4 Gas Preparation

The oxygen partial pressure surrounding the sample was controlled
by flowing metered mixtures of gases past the sample. For thermogravi-
metric measurements, the gases employed were oxygen and carbon dioxide-
carbon monoxide mixtures. The following gases were used to establish
desired oxygen partial pressures in the electrical conductivity measure-
ments: argon, oxygen, carbon dioxide, carbon monoxide, hydrogen and
tank gases of various argon-oxygen mixtures with analysis for oxvgen.
The argon was passed successively through tubes containing copper turnings
at 450°C, magnesium perchlorate, ascarite and magnesium perchlorate. The
copper turnings at 450°C were used to remove oxygen, since copper reacts

with oxygen according to the reaction,

ZCU(S) + 1/2 O2 (g) :CUQO(S)
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From the available thermodynamic data, the equilibrium oxygen partial
pressure for the above reaction can be estimated. Ac 450°C, the POZ is
2.1 x 10_16 atm. and at 600°C, it is 7.8 x 10_13 atm. The removal of
oxygen from argon is more effective as the temperature of copper turnings
are lowered. Kinetics becomes a problem as the temperature is decreased
and a balance has to be reached between the thermodynamic and kinetic
problems. An optimum temperature of 450°C is used in this work. The
magnesium perchlorate removed moisture and ascarite was used to remove
carbon dioxide. The oxygen and argon-oxygen mixtures were passed through
successive tubes containing magnesium perchlorate, ascarite and magnesium
perchlorate. The carbon dioxide was passed through tubes containing
drierite, copper turnings at 450°C and drierite. The drierite was em—
ployed to remove moisture. Carbon monoxide was passed through tubes con-
taining magnesium perchlorate, ascarite and magnesium perchlorate. Hy-
drogen was passed through drierite, copper turnings at 450°C and silica
gel. Silica gel removed moisture from the hydrogen gas. A schematic
diagram of the all glass gas-cleaning and metering train 1is shown in
Figure 19.

All gases were metered with conventional manometric flow meters
using capillary constructions and di-butyl phthalate in the two arms of
the manometer as well as the gas blow-off column. Adjustment of the level
of the fluid in the gas blow-off colurm determined the pressure drop
across the capillary which was read from the manometer. Calibration of
the flow rates of the various capillaries as a function of pressure drop

was performed by measuring the displacement of a bubble interface in a



Figure 19,

SCHEMATIC DIAGRAM OF THE GAS CLEANING AND METERING
TRAIN.

66.
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graduated burrette. The rate of flow of a gas through a caplllary is
dependent upon its viscosity.

After the gases had been metered, they are passed through a mixing
chamber of glass beads to insure a completely uniform mixing before
entering the furnace. The gases entered at the bottom of the vertical-
reaction tube assembly and exited at the top through a stop-cock arnd
finally exited through a di-butyl phthalate bubbler. The furnace reaction
tube assembly consisted of a mullite tube to which were sealed pyrex stan-

dard taper joints.

4,5 Establishment of Low oxygen Partial Pressures

Low oxygen partial pressures may be obtalned from COz/CO and/or
C02/H2 gas mixtures. The oxygen partial pressure has been calculated
according to the avallable data of standard free energy for the formation
of CO, CO2 and HZO‘ The reactions involved in obtaining the oxygen par-

tial pressures are:

co2 =00 + 1/2 0, (69)
and
CO, + H, =C0 + B0 (70)

2 2 2



4.5,1 CO,-CO Mixtures.,
L
a) Physico-Chemical Considerations:

If ny mole fractions of carbon dioxide are mixed with 0,

mole fractions of carbon monoxide, and subsequently a fraction

a'" of the carbon diowide molecules dissociates to form free

oxygen and carbon monoxide according to reaction (69)

Co, =CO + 1/2 0

2 2

the mole fraction of carbon dioxide left is nl(l—a), the mole

fraction of oxygen formed is 1/2 an., and the mole fraction of

1

carbon monoxide present is n, + an, . Hence, the total number

of fractions in the gas mixture is: n, = nl(l + a/2) + n,.
For a total pressure of one atmosphere the partial pressures

of the three chemical species are:

P = 2nl(l-a)/[nl(2+a) + 2n2]

-
1}

2(anl + nz)/[n1(2+a) + 2n2]

P02 = anl/[n1(2+a) + 2n2]

or in terms of the mixing ratilo Rm = n2/nl for CO/CO2 mixtures:

P = 2(1—3)/[2 + a + 2Rm]
2

la~
!

= 2(a + Rm)/[z + a + 2Rm]

= a/[2 + a + Rm]

)
(@]
N
(
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(69)

(71)

(72)

(73)



69.

At equilibrium the partial pressures of carbon dioxide, carbon mon-

oxlde, and oxygen are related through the equilibrium constant:

1/

Keg = Pep POy

2
/P (74)
co,

From equations (71) and (72), "a" may be eliminated and expressed

in terms of K6 and the oxygen partial pressure:

9

P../P. = (1-a)/(a+ R ) =P 1/2/1<

co,’"co o 07 69

(75)

_ 1/2 1/2
a = [Kgg = R Po,” "1/[Kgy + Po, " 7]
One way now substitute '"a'" into equation (73) and obtain a re-
lationship between the mixing ratio, Rm, the equilibrium con-
stant, K69’ and the oxygen partial pressure, Poz.

3/2 3/2 1/2
= - -2

Rm [K69 3K69P02 _P02 ]/[21(69P02+P02+P02 +PQ2 ] (76)

From this equation one may compute what mixing ratio of carbon
monoxide to carbon dioxide is required to produce a given oxygen
partial pressure at a given temperature. Alternately one may

compute the volume percent of carbon dioxide from Rm:

vol. % CO2 = 100/(1 + Rm) % (77)

The control of the oxygen partial pressure with the aid
of reaction (69) is no longer possible if the oxygen pressure is
equal to or falls below the equilibrium oxygen pressure of the

reaction:
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CO=C + O2 (78)

If this is the case, carbon precipitation will occur. The
equilibrium oxygen partial pressure for reaction (78), 502,
may be computed from the equilibrium constant of reaction (78),
and the existing partial pressure of carbon dioxide.

Kig = PO2/Pco2

(79)

Po P

= K
2 78" Co,

Hence, the deposition of carbon will occur if:
<3
oy = Fop

The equilibrium constant K78 may be evaluated from the
data for the free energy of formation of carbon dioxide in the
JANAF (B8) tables: the partial pressure of carbon dioxide
rmay be determined from equation (71) after an evaluation of

1 A

a" from equation (75).

b) Computations:

The change in free energy for reaction (69), AG; was com-

puted as a function of temperature from the free energy of

formation data for CO and CO2 in the JANATF (88) tables. From

the free energy change of a reaction the equilibrium constant

for that reaction may be computed as follows:
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Koo = exp [AGl/RT] (80)

The dependence of K on temperature is given in Figure 20.

69
The free energy charge, AGE, for reaction (78) was computed
in the same way from JANAF (88) tables. From AGE the equi-
librium constant for reaction (78) may be determined
according to equation (80).

For a given temperature, K69 and K78 were evaluated.
The mixing ratio, Rm, required to produce the desired oxygen
partial pressure was then computed from equation (76) and
the volume percent of carbon dioxide in the initilal gas
mixture from equation (77). Subsequently ?62 was determined

from equation (79), after having evaluated P by computing

CO2

"“a" from equation (75) and substituting the value into equa-
tion (71). It was then tested whether the desired oxygen
partial pressure was equal to or smaller than 562. If the
test was positive, i.e., P02 < 562 then the precipitation
of carbon would occur from the gas mixture and hence oxygen
partial pressures equal to or less than that P02 cannot be
established at the temperature of consideration using C02/C0
mixtures.

Figure 21 shows schematically the volume percent iso-
pleths summarizing P02 — T calculations based on JANAF-based

data for CO—CO2 mixtures. The carbon deposition as eluci-

dated before, 1s indicated by shading in the graph.
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Figure 20. THE DEPENDENCE OF THE EQUILIBRIUM CONSTANT, K69’

FOR THE REACTION CO2 =COo+ 1/2 02.
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4,.5,2 HZ—CO2 Mixtures.

a) Chemical Considerations:
Let nl fractions of carbon dioxide be mixed with n, mole frac-
tions of hydrogen, and subsequently let carbon dioxide dissociate

to form carbon monoxide and oxygen according to reaction (69),

and let hydrogen react with oxygen to form water,

H, + 1/2 o2 )

2

If a fraction "a" of each mole of carbon dioxide dissociates to

form oxygen, and the fraction "b" of each mole of hydrogen
reacts to form water, then the mole fraction of carbon dioxide
left will be n, (1-a2), the mole fraction of carbon monoxide
formed is n,a, the number of mole fraction of hydrogen left is
n, (1-b), and the number of mole fractions of oxygen present

is 1/2 (n1 a - n, b). The total number of mole fractions

present are:

9] = n

N 1 1+ a/2) + n, (1 - b/2)

For a total pressure of one atmosphere and with the wixing ratio
defined for the H2/CO2 mixtures as R_ = DZ/nl’ the partial

pressures of the five components present may be expressed as

follows:
PC02 =2 (l-a) / [2 4+ a+ Rm(z-b)] (82)
PCO =2a/[2+a+ Rm(z-b)] (83)
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PHz = 2Rm (1-b) / [2 + a+ Rm(Z—b)] (84)
pHQO = 2Rmb J [2 + a+ Rm(2—b)] (85)
P02 = (a—me) / (2 + a+ Rm(Z—b)] (86)

from which "a' may be expressed with the aid of equations (82)

and (83) and the equilibrium constant K69 (equation 74)

. . 1/2
Pcoz/PCO = (1-a)/a = PO2 Kgq
(87)
_ 1/2
a = K69/ [K69 + Py ]
2
and from which "b" may be expressed with the aid of equations
(B84) and (83) and the equilibrium constant K88 from the
following:
Hy0 = H, +1/2 0, (88)
1/2
Keg =P, - P /P (89)
88 H2 O2 H20
- e o 1/2 0
PH O/PH =b / (1-b) = PO /K88 (90)
2 2 2
b=p Y2,k +p Y o1
0, 88 0,

Hence, for any given temperature (which determines the values
of K69 and K88) and any desired oxygen partial pressures, the

fractions "a" and '"b" may be computed from equations (87) and

(91).



76.

We may nNow express Rm in terms of “a" !

and PO2 with

the aid of equation (86):
R = [a (1-?02) ~ 2P02] / [b (1—P02) + 2 Poz] (92)

Hence, 1f we wish to determine the mixing ratio of hydrogen to
carbon dioxide which is required to produce a desired oxygen
partial pressure, we evaluate "a" and '"b" from equation (87)
and (91) at that temperature and use equation (92) to compute
the necessary mixing ratio to produce the desired oxygen par-
tial pressure.

In this system, the control of the oxygen partial pressure

through variation of the mixing ratio H2/CO is also no longer

2
possible if the oxygen partial pressure is egual to or falls
below that of the equilibrium oxygen pressure for reaction

(78), thereby causing carbon precipitation. Again the con-

dition for carbon precipitation is:

P. <P
0, 0,

The wvalue of 562 can be computed from the equilibrium constant
K78 and the partial pressure of carbon dioxide. The larter
may be determined from equation (82), since "a", 'b", and Rm
are known.
L. 89 .
As indicated by French, the mixing of hydrogen and

carbon dioxide could also involve the formation of methane

according to:
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Cco + 31-12 <—CH4 + H20 (93)
oY
2C0 + 3H2 = CH4 + Co, (94)

Both reactions (93) and (94) have negative values of AG®
below about 900 K. Since methane can react with oxygen

according to:

CH4 + 202 = co2 + 21{20 (95)

tc form water and carbon dioxide, the presence of methane could
influence the calculated oxygen partial pressure.
The equilibrium partial pressure of methane for reaction

(93) is given by:

= 3

P =K,, P..P_"/P (86)
CH4 83 "CO H2 H20

for reaction (94) by:

Pew, = Koy Fgo Py /Pco (87)

4 2 2
and for the reaction (95) by:
2 2

P =P P.. /K, P (98)
CH4 HZO 602 95 02

K93, K94’ and K95 are the equilibrium constants for reactions

(93), (94), and (95). Oxygen will be consumed by reaction

CHA or PCHA is In excess

(95) as soon as the partial pressure P

i.e., when

of P s
CH4
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b) Computations:

For a given temperature, the six equilibrium constants
were calculated from AGE through AGE with the aid of equation
(80), and "a" and "b' were determined from equations (87)
and (91). Rrn was computed from (92), and with the aid of
"a'", "p", and Rm, the partial pressures of carbon dioxide,

of carbon monoxide, of hydrogen, and of water were evaluated

from equations (82) through (85). Subsequently, using these

determined values for PCOZ’ PCO’ PHZ, PH20 and the given
value of Pg, as well as the equilibrium constants, evaluation
of the values of P02, PCHA’ PCHA’ and PCH4 were performed

from equations (79), (96), (97) and (98). Control of the
oxygen partial pressure through variation of the mixing ratio

Hz/CO is no longer possible when any one of the inequalities

2

Po, < Po,

P 2P
CH4 CH4

o

= P
CH4 CHA

was fulfilled.
Figure 22 shows the volume percent isopleths summarizing

Pg,—T calculations based on JANAF (88) data for H2/CO2 mixtures.

2
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The region prohibited by the precipitation of carbon or the
formation of methane is shown by shading in the Figure 25.
In all cases it was assumed that the gases behaved ideally,
that is, their respective partial pressures were equal to

their volume fractions in the flowing gas stream.

4.6 Temperature Control

Each furnace employed in this investigation consisted of a winding
of either Kanthal or platinum-40%7 Rhodium around am alumina tube around
which was an insulating material which in turn was contained within a
metal sleeve (Figure 23). The platinum-407 Rhodium wound furnace was
used in the thermogravimetric measurements and the Kanthal wound furnace
was used for the electrical conductivity measurements. In both cases
the furnace winding was continuous so as to provide evenly spaced taps
from the winding to the exterior of the furnace. These taps could then
be shunted to adjust the temperature gradient within the furnace.

The temperature was measured with a platinum-platinum 10% Rhodium
thermocouple. The hot zone of the furnace varied by *#1°C during an on-
off cycle of the furnace controller., It was found that the temperature
in the center of the hot zone within the furnace reaction tube was uni-
form in cross-section and did not change when the gases were flowing. The

temperatures reported should, therefore, be accurate to *1°C,
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| —»

Figure 23. FURNACE REACTION TUBE ASSEMBLY. 1) GAS INLET, 2) STAN-
DARD PYREX TAPER JOINT, 3) PYREX-MULLITE SEAL, 4) MULLITE

TUBE, 5) FURNACE, 6) HOT ZONE, AND 7) GAS OUTLET.
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4,7 Electrical Conductivity Measurements

The powder samples prepared by the liquid mix technique were pressed
under a load of 40,000 psi to either a thin rectangular slab (21 x 6 x
0.5 mm) or a clrcular disc of 1.25 cm diameter, and sintered in air at
1350°C for about 12 hours. Conductivity specimens were cut from this
sintered slab/disc using an airbrasive (S. S. White Industrial airbrasive
unit model-F) unit. Each specimen was wrapped with four 0,25 mm platinum
wires for electrical countacts. Small notches were cut in the edges of
the sample to aid in holding the platinum wires in place. The spacings
of the two inner-most wires were measured, and the cross-section area to
length ratio (a/f) was calculated.

A conventional four-probe direct current technique was employed for
all electrical conductivity measurements. The four platinum wires were
insulated from one another by recrystallized high purity alumira insula-
tors. A standard taper pyrex joint to which capillary tubes had been
sealed was mounted on top of the furnace reaction tube assembly. The
platinum wires exited through the capillary tubes, and were sealed vacuum
tight into the tubes.

The conductivity was measured as a function of oxygen partial pres-
sure in the temperature range 800-1050°C. The conductivity was determined
by measuring the voltage across the potential probes (two inner-most
wires) using a high impedance (> 1010 ohm) digital voltmeter (Keithley
191 Digital Multimeter) and the calculated (a/f) value for the sample.

The current was supplied between the two outer leads by a constant current
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source (Keithley 225 Current Source). The voltage was measured with the
current in both forward and reverse directions, and the conductivity was
calculated from the average values. All the measurements were taken
when the sample was in complete thermodynamic and thermal equilibrium
with the surrounding gas environment at a given temperature. Current
was varied from 5 to 500uA and no significant change in conductivity was
observed. There were no problems with short circuit paths through a
sample holder since the platinum lead wires were also the specimen

support.

4.8 Raman Spectral Measurements

The powder samples were placed 1In capillary tubes and supported by
a sample holder for the back scattering geometry. A schematic diagram of
the computer controlled laser Raman Spectrophotometer is shown in Figure
24. Radiation (4880A) from a Coherent Radiation Laboratory Model-52
argon-ion laser served as the excitation wavelength and the scattered
light was analyzed by a Jarrell-Ash 25-300 Raman Spectrophotometer
equipped with an ITT FW-130 (S-20) or an RCA C31034 (Ga-As) photomulti-
plier, and a Hamner or ORTEC amplifier/discriminator. Photon counting
was performed by the computer. The laser beam was focussed to < lmm spot
size on the capillary tube by 2 lens system, and the Raman scattered
radiation was collected by an £ 1.2 objective lens and focussed into the
manochromator. An interactive graphics terminal (Tektromix, Inc., 4010-1)

facilitated spectral analysis, such as rapid and accurate determination
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of peak positions. The laser source provided well focussed, intense,
monochromatic light. The improved electronic system of the Raman Spec-
trophotometer used in this work also permitted rapid corrections for
speéctral background near the laser line. Excellent stray light rejection
of the manochromator and ghost-free gratings allowed the spectra to be
examined quite close to the wavelength of the excitation source. Most
of the spectra were obtained with a scan rate of 4 cmil/sec, and a spec-
tral slit width of 2 cm_l. Some of the spectra were run with a lower
scan rate (1 cm_l/sec) in order to show greater detail near the excita-
tion line. Each sample was scanned as many as ten times and the summed
spectra were recorded.

The Raman spectra above room temperature were obtained by using pre-
heated nitrogen gas that was caused to flow through a transfer tube and
around the sample. The temperature was maintained by monitoring the out-
put of a calibrated chromel-alumel thermocouple which was attached in
the gas stream close to the sample, The fine adjustment of the gas flow
system controlled the temperature of the sample enviromment to * lk for
the duration of the experiment. This arrangement was repeated from room
temperature down to liquid nitrogen temperature with the same precision
by controlling the flow of gas exchanging in & coll immersed in liquid

nitrogen.
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5. EXPERIMENTAL RESULTS AND DISCUSSION

5.1 Solubility of lanthanum in strontium titanate

Both the microscopic and the X-ray diffraction examination of the

specimen of the composition LaxSr xTiO3 showed that an extensive region

1-

occurs in the system Sr0-TiO —Lazo3 in which the perovskite structure

2
exists as a single phase. Single-phase cubic perovskite type solid solu-
tions were obtained for all compositions containing up to 40 at.7% of
lanthanum (for samples heated at 1350°C in air). The lattice parameter
decreased, as expected, with increasing lanthanum content as shown in
Figure 28. There were no extraneous lines in the X-ray diffraction pat-
terns for compositions up to 40 at.% lanthanum. The plot of a, vs x
(Figure 25) indicates a Vegard's law dependence within experimental error.
The lattice parameters were obtained by the extrapolation method developed
by Nelson and Riley.go

When the lanthanum exceeds 40 at.%, extra lines appeared in the X-ray
diffraction pattern. These new reflections were all assignable to the
phase La2T1207 described by MacChesney and Sauer.91 The intensity of
these new reflections of the LaZTiZO7 phase increased as the lanthanum
content was ilncreased beyond 40 at.%. No evidence was found for the exis-
tence of the multiple-cell perovskite structure reported by Tien and
Hummel.ZA They have shown that for the 80 mole % La2/3ﬁﬁ/3T103 composi-
tion in SrTi03, the observed d-spacings fit reasonably well with calcula-

ted d-~spacings using the double-cell edge structure. There was no evidence
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of the presence of any second phase in the composition 80 mole % La2/3

Dl/3TiO3 in SrTi03. However, we report that when the large cation to

small cation ratio is unity the compound LaXSr _xTiO with x = 55 at.%

3

O7 phase as can be seen from the

1
contains substantial amounts of LazTi2
photomicrograph shown in Figure 26(g).

From Figure 26 it is evident that the second phase is in the form

of long needles. The precipitation of needle shaped second phase has

been reported in the system Pbo-TiO,-La,0 28 and in niobium-doped

27~8)% 3
Tio. 27592

2 X~ray energy dispersive analysis of the needle-shaped second

phase indicates that this phase is enriched with titanium and lanthanum,
while its strontium content is very much diminished in comparison with
the principal perovskite phase.

From these results and from Tien and Hummel‘s24 work it can be con-
cluded that the shape of the homogeneity range (Figure 27) is analogous
to that found for the perovskite phase in the system Pbo—TiOz—Lazo3 which

has been extensively studied.zs’g3

Therefore, these results indicate
, 26 i . s
that Tofield and Scott's conclusion as to the absence of a significant

range of solubility for lanthanum in strontium titanate is incorrect,

5.2 Thermogravimetric Measurements

Gravimetric measurements on ''pure' SrTiO. and on samples doped with

3
o 1. +3 . +2

up to 20 at.7% La ~ substituted for Sr = have shown that reversible change

of oxygen content, between specified states of high and low oxygen acti-

vity, is proportional to the dopant concentration. If it is assumed that
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Figure 26. PHOTOMICROGRAPHS OF STRONTIUM TITANATE POWDERS HEATED
AT 1350°C IN AIR. THE LANTHANUM LEVELS (AT.%) WERE:

a) O b) 25 c) 35 d) 39.
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Figu‘re 26. PHOTOMICROGRAPHS OF STRONTIUM TITANATE POWDERS HEATED
(cont.)
AT 1350°C IN AIR. THE LANTHANUM LEVELS (AT.%) WERE:

e) 43 £) 45 g) 55 h) 60.
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Figure 27. SCHEMATIC PHASE DIAGRAM OF TBE SYSTEM SrO-TiOz—Lazo3

(APPLICABLE TO SPECIMENS HEATED AT 1350°C IN AIR).
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each added oxygen will neutralize two La+3 dopant ions, there is a cor-
relation of 95% or better between the measured increase in weight upon
oxidation of a sample that had been equilibrated in an atmosphere of low
oxygen activity and the calculated amount of oxygen required to neutra-
lize the dopant.

The driving force for additional uptake of oxygen is the compensa-
tion of the electronic disorder introduced by the donor-dopant. Such
charge compensation has been described for the case of doped elemental
semiconductors94 where the solid solubility of impurities is found to be
proportional to the concentration of electronic disorder. The increase
in energy that is required to introduce an ion into the host lattice is
more than compensated by the decrease in electronic disorder. The amount
of energy gained by the compensation of the electronic disorder is deter-
mined by its ionizaticon energy and may be of the order of an electron-
volt.

It is possible to increase the amount of electronic disorder created
by a given donor-dopant concentration by substituting a +4 valent dopant
of the appropriate ionic size for Sr+2 or a +6 valent dopant for Ti+4.
Such dopants would require twice as much reversible oxygen weight change
for electronic compensation as would an equal atomic concentration of
Lat> on sr7% site or Ta' on Ti™" site. Self-compensation of BaTi0, with
up to 1 at.”% Th+4 substituted for Bé+2 or up to 2 at.% Mn+6 substituted

+
for Ti 4 has been measured by Eror and Smyth,27 and found to agree with

the assumption that each added oxygen ion will neutralize one donor-dopant
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~+ + .\ ,
jon. Their results establish that Mn 6 substitutes for Ti 4 in BaTlO3

when equilibrated with an atmosphere of high oxygen activity and that

+ +
Th 4 does substitute for Ra 2.

+ . .
La 3 was chosen as a dopant in order to understand the mechanism by

which the "self-compensation" by oxygen occurs because we found its ex-

tensive range of solid solution (up to 40 at.‘Z).ll2 As can be seen in

Figure 28 there is an excellent agreement between the calculated amount
+3

of oxygen necessary to compensate the La dopant and the measured re-

versible oxygen weight-change between the oxidized state at one atmos-

phere oxygen and the reduced state of equilibratiomn in CO/CO2 mixture,

The maximum oxygen non-stoichiometry of ''pure"” SrTiO3 was found to be

0.04 at.Z at 1050°C (corresponds to SrT102 9988 taking SrTiO3 as the true

composition at 1 atm. oxygen pressure) when the reduction was carried out

under an oxygen partial pressure of 10_15 atm. This value increased to

0.15 at.% (SrTiO S) when the reduction was carried out in hydrogen.

2.995
g + . . .
For the 10 at.% La 3 concentration the measured reversible weight change
amounts to a 40-fold increase in oxygen non-stoichiometry compared with
. +3 . 9 .

that of the undoped SrT103. For a La concentration of 20 at.%, the oxi-
dation kinetics became extremely slow so that good quantitative results
were difficult to obrain. However, there is self-compensation at this
concentration alsoc wich at least an 857 correlation with the predicted
weight change.95

For a similar situwation in BaTiO, with higher concentration of donor-

3

dopants, the theories that have been offered ranged from the creation of

. . .9 8 . .
compensating barium vacancies to a change of cation site occupied by
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the donor-dopant.99 In considering these theories for the donor doped

SrTi0,, it must be kept in mind that SrTiO., is a ternary compound and

3)

that the Sr/Ti ratio is fixed. Tor the case of the creation of the

3

strontium vacancies at higher donor-dopant concentrations there should
be an irreversible loss of strontium or precipitation of a strontium-rich
phase. For the case of different site occupancy it would be possible to
+2
have compensation if some of the donor-dopant substituted for Sr were
. ,+4 .
to shift to Ti sites and vice versa. For the case of a +3 valent dopant
. +2 .
substituted for Sr only 1/6 of the dopant would have to shift from +2
to +4 valent sites for complete compensation to occur. The factor 1/6
arises from the fact that the +3 valent dopant removes itself as a donor
. . . +4 .
when it shifts site, becomes an acceptor on a Ti site, and results in
two strontium vacancies which may become doubly ionized (one vacancy from
the site it left behind and another since it now occupies and, therefore,
creates a new Ti site). For the case of +5 ion donor-dopant substituted
+4 A +2 .
for Ti shifting to Sr sites, 1/6 of the dopant would have to occupy
+2 . . .
Sr sites for complete compensation to occur. From a crystal chemistry
point of view, scme of these schemes involve some very unlikely site
assignments and would require significant concentrations of titanium
vacancies which are structurally unsound for the perovskite structure.
The observation that highly donor-doped SrTiO3 is self-compensated is
unequivocally explained by the measured reversible change in oxygen
stoichiometry, the question of how the extra oxygen is accommodated re-

mains to be answered. The observation of 'self-cowmpensation’ phenomena
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at a La+3 concentration as high as 20 at.”% eliminates the following
possibilities:

a. Additional oxygen uptake at grain boundaries;

b. A discrete second phase that is stable only in the fully
oxidized state (no second phase observed optically, by
x-ray diffraction or by Raman laser spectroscopy which
is a more sensitive technique than the first two);

c. Irreversible loss of Sr resulting in both vSr and VO in

the reduced state (none observed);
d. Interstitial oxygen (presence of interstitials looks
unrealistic in this well-filled structure--alsoc no sig-

nificant lattice parameter change between the oxidized

and reduced states is observed as can be seen in Figure

29).
Even though the La+3 deficit compounds like La2/3TiO3,100 and
, 101 . .
La<2/3 + X)T103, 0 < x < 1/3, would be a possible compensating mecha

nism, since (St + La)/Ti ratio is unity, a second Sr rich phase would have
to be exsolved to provide the Sr site vacancles required for compensation.
The observation of ''self-compensation' could be explained by the
following ways:
a. The addition of oxygen on oxygen sites creating both
strontium and titanium vacancies (although the latter is
unlikely structuerally)

e 1 = ] o .
LaSr + Tig, + 1/4 0, 1/2 0, + 1/6\7Sr + 1/6vTi + Lag + Tin,
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The presence of B-site vacancies in perovskites has only
been reported for lanthana substituted PbTiO3 by Hennings
and Resenstein,102 and for lanthanum manganite by Tofield
and Scott.26 These conclusions were not based on con-
vincing experimental results.

A shift in the cation site occupied by the donor-dopant

when the samples are oxidized,

) 1 = 1 1 v :
LaSr + TlTi + 1/4 O2 1/2 Oo+l/6 LaTi+1/3 vSr+5/6 LaSr +T1Ti

Kwestroo and Paping103 found evidence that Ca+2 ions can be
incorporated at titanium sites in the perovskite phase

in the system BaO—CaO—TiO2. From the luminescence measure-
ment on Sm substituted BaTiO3 Murakami et al.IOA concluded
that Sm+3 ions were present at Ti sites as well as at Ba
sites. But neither paper proves that a significant number
of such large ions (Ca, Sm) enters Ti sites. Takeda and
Watanabelo5 have reported evidence of La+3 on Ti+A sites.
They obtained an EPR signal characteristic of an F-center
equivalent to the acceptor, La%i. This signal was present
only for the case of a Ba/Ti ratio of 1.02 plus an addi-
tional 1.0 at.% La (Ba/Ti ratios of 1.01 and 1.03 had
little or no signal). In the present investigation, the

large cations to small cation ratio is maintained at unity

with a variation of 15-25 ppm. So, from the results of
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Takeda and Watanabe'slo5 work and the cation ratios used

, ) . +3

in this experiment, one can assume that La ions mainly

+2
occupyv the Sr sites. Also, by careful structure factor
analysis Hennings and Rosenstein eliminated the possi-
- +3 . . . . .

bility of La ions occupying the titanium sites in lan-

thanum modified lead titanate. Further, the possibility

of a change in cation site occupled by the donor-dopant

¢can be discounted because of the unlikely possibility

of the creation of titanium vacancies in the perovskice

structure that are required to compensate donor-dopants
14 . . .

substituted for Ti . Careful x-ray diffraction intensity

measurements should be performed before completely dis-

carding this possibility as well as the possibility of

the addition of oxyvgen on oxygen sites creating both

strontium and titanium vacancies.

A reversible change from a classic, randomly distributed,

point defect model in the reduced state to a compensated

structure with ordered defects in the oxidized state.

L Sr_ +La. +Til. + %0

St Sr Ti , =% (Sr0) 4% VY 4 Lal +Ti

Sr Sr Ti
+3 . o s .
For a La concentration of 20 at.%Z it will be,

La+3 Sr+2 +4

0.2 Stg g T 04 14 = [Lay 581y £y ;] Ti0, + 0.1 (5r0)

where O represents the vacancy on A site.
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The existence of a perovskite phase of composition

. . 24
Srl—l.SxLaleOB has been reported by Tien and Rummel.

(Sr0) does not Tepresent a separate phase but a struc-

tural accommodation in an ordered fashion, perhaps in

the way that Ruddlesden-Popper phases,78’79 i.e.,

nSrTiO3'Sr0 are formed by ordered layers of SrO between

perovskite type SrTiO, layers of various thickness.

3

Figure 30 shows the Sr_ Ti,0, structure where double SrTiO

377277 3

perovskite layers are interleaved with Sr0 layers. By
this type of proposed model, the compensation of donor-

doped SrTiO, is by the strontium vacancy model, but since

3
we have a ternary oxide the additional strontium that re-
sults from the strontium vacancies combines with oxygen,
accounting for the gravimetric observatioms, to form (S5r0)
which is built into the lattice in a reasonably ordered
fashion. It should be noted that the perovskite layers
may still contain a random distribution of dopant ions

and strontium vacancies even in the fully compensated
oxidized state. The inter-layer ordering might not be
detected by conventional x-ray powder pattern techniques,
because only cne (Sr0) layer would be required for each

3

3 +
ten perovskite SrTi0, layers for the case of 20 at.?% La

3

) . +2
substitution for Sr
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Figure 30. THE STRUCTURE OF Sr3T1207.
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5.3 Electrical Conductivity in Strontium Titanate

The electrical conductivity of polycrystalline SrTiO., in the tempera-

3
ture range 800-1050°C and in equilibrium with oxygen partial pressures
between 100 to 10_22 atm. 1s shown in Figure 31. The conductivity

changes from p- to n-type as the oxygen partial pressure is decreased
for the temperature range used. The data were found to be proportional

to the -1/6th power of the oxygen partial pressure for the oxygen pres-

sure range 10‘15 - 10_22 atm., proportional to Poz_l/4

pressure range 10_8 - 10_15 atm,, and porportional to P02+1/A

OXygen pressure range 100 - 10_3 atm. These three regions are treated

for the oxygen

for the

separately in the following text.

22 -15

Region I: [PO2 =10 - 10 atm. ]

The log g vs log Po, data [Figure 32] are linear for as many as seven
decades of oxygen partial pressures for a given temperature. This ex-
tensive region of linearity affords the opportunity to determine the de-
fect model responsible for the n-type electrical conductivity in this
region. A slope of approximately -1/6 is found for the log o vs log o,

20,22 47,48
a

data. This slope is similar to that found for BaTiO nd

3
.~ 106 43 .
CaTlO3 as well as the results of Walters and Grace for single-crystal

-2l 10_19 atm.]. Yamada and MillerAA

SrTiO3 in the narrow Po, range [10
have determined the carrier concentration by Hall effect measurements for

single-crystal SrTiO3 quenched from equilibrium with various oxygen par-~

tigl pressures, and they found a similar relationship between the electron
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concentration and the equilibrium partial pressure. These same authors
have shown that the oxygen vacancies formed upon reduction can be
quenched in upon cooling to ambient and they remain doubly ionized to
very low temperatures,

The variation of the electrical conductivity with the oxygen partial
pressure is calculated in terms of the oxygen vacancy defect model. The
basis for the calculation 1s the reaction that represents the formation
of a doubly ionized oxygen vacancy [Vé'] and two electrons available for
conduction by the removal of an oxygen from a normal lattice site into

the gas phase. The reaction is

0O =1/2 0. +V' " +2 ¢ (99)
[0} (]

2

The equilibrium constant for the reaction (99) is

-AG
.. 2
K99 = [VO (n} P021/2 = exp <Tf> (100)

—

T

e'. It is assumed that the defects exist in a2 dilute solution

where [n]
and do not interact. The Gibbs standard free energy change for reaction

(99) is represented by AG With two electrons resulting from each oxy-

£

gen vacancy it follows that

[n) =2 [V

o ) (101)

Expressing the free energy change in terms of the enthalpy change, AHf,

and entropy change ASf and substituting equarion (101) into equation (100)

the result for the electron concentration is
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AS ~AH
_ ,1/3 -1/6 f f 2
(n)} =2 Po, exp w | P | mRy (102)
The electrical conductivity, 6, for the case where the sole charge
carriers are electrons in the conduction band is
O = ney (103)

where e is the electronic charge, and v is the mobility of the conduction
electrons. When Equation (102) is substituted into Equation (103) the

electrical conductivity becomes

AS -AH
c = 21/3 P02_l/6 e Y exp *é‘lg—:‘ exp [—3}.{: (104)

At constant temperature, assuming that mobility is independent of the
change in concentration of oxygen vacancies, a plot of the logarithm of
the electrical conductivity vs, the logarithm of the PO2 should result

in a straight line with a slope of -1/6. The data in Figure 32 and Table
VI are in good agreement with the predicted -1/6 dependence.

An indication of the magnitude of AHf, the enthalpy of the oxygen
extraction reaction, is typically obtained from Arrhenius plots of the
conductivity, as deduced from Equation (104). This procedure neglects
contributions from the temperature dependences of the carrier mobility or
density of states. The value of AHf calculated from the slope of the

Arrhenius plots in Figure 33 are listed in Table VII. An average value

of 4.85 ev [111.8 kcal/mole] is estimated for AH Walters and Grace43

£

obtained a value of 6.3 ev. Yamada and Miller44 determined a value for



Table VI.

Po, DEPENDENCE OF CONDUCTIVITY IN THE REGION
10722 _ 1071 amM. FOR SIT10,
T (°C) m for ¢ < P ~1/w
n 0
2
800 5.5
850 6.06
500 6.3
950 6.3
1000 6.3

1050 6.3
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ACTIVATION ENTHALPIES FOR CONDUCTION IN THE REGION

Table VII.

10722 - 1071 ame. FOR SrTi0,
P02 (atm) Activation enthalpies [Kcal/mole]
10722 110.61
1072 109.72
10720 110.67
9.3 x 10720 111.17
10718 110.98
107 112.68
5 x 10737 114.67
5 x 10716 113.88

109.
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AHf of 5.76 = .2 ev for SrTiOB. This was based on a direct measurement

of n by the Hall effect on reduced single crystals.

The temperature dependence of mobility of electrons in SrTiO3 is

not known for the temperature range covered in the present study.

Frederikse et a1.37 found a band-type conduction process in SrTiO3. This
-3/2

implies that electron mobility varies proportional to T and the equi-

librium constant K,, in Equation (100) should thus contain NCQ, the

99
square of the density of states near the conduction band edge. For
-3/2 . 3/2 . . .
T and N, = T there is an additive correction to AHf of 3/2RT-RT

or about 0.11 ev, Seuter49 has determined the mobility of electrons in

BaTi0, in the temperature range 800-1000°C by a combination of the Hall
effect and conductivity. He describes the temperature dependence as T_l.

If y « T_l, then the corrections for AH_ cancel.

f

Region II: [PO2 = 10—8 - 10_15 atm. ]

A slope of approximately -1/4 is found for the log o vs. log PO2
data [see Figure 34)., Daniels and Hardt1107 reported from their log o
vs. log Pp, plot, a slope of -1/4 between 700 and 900°C and -1/5 at 1200°C
for BaTiO, in the Pg, range, 10_lB - 10_8 atm. They attributed the -1/4
slope to singly ionized oxygen vacancies as the cause of conductance and

-1/5 value to the more frequent occurrence of doubly ionized oxygen va-

cancies. However, for SrTiO

41,44

3 it has been shown by earlier investiga-

tors, that the oxygen vacancies in the guenched samples remain doubly

ionized down to liquid nitrogen temperature. The observed slope of -1/4
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in this region must, therefore, be due to the presence of an unknown,
negatively charged impurity, i.e., an acceptor impurity such as Al, Fe,
or Cr on Ti sites. For the case of undoped BaTiO3 prepared by the same
technique 2s the one used here, Chan and Smyth22 report a net acceptor
impurities about 13C ppm (atomic). They proposed that all undoped mate-
rial [BaTiO3] studied to date had a net excess of acceptor impurities,
and attributed this to the fact that potential acceptor elements are
naturally much more abundant than potential donor-elements. Seuter48 was

1/4

able to observe an extensive range of POE_ dependence for conductivity
in the oxygen-deficient region below the p-n transition in the BaTiO3 pre-
sumably because of greater acceptor impurity content of his samples. We
believe that our samples also contain some unknown acceptor impurities

which are singly ionized. Thus, the condition of charge neutrality in

this region can be
2 [VO'] = [A"] (105)

With this neutrality condition and Equations (92), (100), (102),
(103), and (104), the conductivity varies with oxygen partial pressure as
shown in Equation (106) below.

X . -0H,
R | *P| TorT

1/4

g = POZ_ ey exp (106)

The slopes of the lines drawn in Figure 37 are well in agreement with the
predicted value of -1/4 by the above Ilmpurity model. The activation en-

thalpies of conduction derived from the Arrhenius slopes are shown in
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Table VIII. An average value of 4.56 ev [105.2 Kcal/mole] 1s estimated

for this region.

Transition Region:

Becker and Frederikse108 showed that the band-gap energy (extrapo-
lated to zero temperature) of a semiconductor which exhibit a p to n
transition may be determined from the Arrhenius plots of the conductivity
minima. The log Oin VS- 1/T data in Figure 35 indicate a value E; =

3.36 ev [77.54 Kcal/mole] as the band-gap for the polycrystalline SrTiO

3

extrapolated to O°K. This is in good agreement with the range of values
, , 109-111 )
3.2 - 3.4 ev reported from optical absorption data on single crys-
tal SrTiO3. Assuming band-conduction for both electrons and holes, the
full expression for the Arrhenius plot is
3%n 0“_‘_iq 3 4n u E®
== - - “L+enw w | - E (107)

3 (RT) 3 (RT) 2 ¢ 2

3/2

Assuming that the temperature dependence of the mobilities are «T
for electrons and holes, and if both NC and Nv’ (the densities of states
near the band edges) are proportional to T+3/2, mobility and density of
states terms cancel each other, and the Arrhenlus slope 1is directly pro-
portional to E;.

Region III: [Po, > 1073 atm]

The conductivity in this reglon increases with increasing oxygen par-

tial pressure [see Figure 36), indicative of p-type, or oxygen-excess,



ACTIVATION ENTHALPIES FOR CONDUCTICN IN THE

Table VIII.

114.

REGION 107 +°- 1078 ATM. FOR SrTi0,
PO2 (atm) Activation Enthalples [Kcal/mole)
10713 100.70
10714 100.62
10713 102.42
10712 104 .02
1071t 103.71
10720 112.34
1077 112.66
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conductivity. The tegion of linearity in the p-type region increases in
width with decreasing temperature as the p—n transition moves to lower
POZ‘ The slopes of the pressure dependence given in Table 1X indicate
that the values are tending toward 1/4 with decreasing temperature where
the range of linearity is greatest. Measurements of the electrical con-
ductivity under fixed oxygen pressure as a function of temperature result
in a nearly constant value for the slopes of log ¢ vs. 1/T for various
oxygen partial pressures in this region [Figure 37]. The activation en-
thalpies of conduction, AHp, derived from the slopes are given in Table
X. A value of about 1.59 ev [36.7 Kcal/mole] appears to be typical.

It is apparent that a stoichiometric excess of oxygen can be incor-

porated into SrTiO, by a remarkably favorable process without the need of

3

creating a crystallographic excess. The oxygen is incorporated into the

impuricy-related oxygen vacancies where the reaction is,

v = .

[ ° ]+ 1/2 02 O0 +2h (108)
The charge neutrality condition near the stoichiometric region is

(8] = 2 (v.'] (105)

The chemical mass action expression for Equation (108) combined with

Equation (105) gilves

+1/4

0 « P02 (109)

as observed, as long as only a minor fraction of the impurity-related Vé'
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Table IX.

P02 DEPENDENCE OF CONDUCTIVITY FOR THE p~TYPE REGION
T (°C) m for op = Pozl/m
800 4,08
850 4.3
900 4.2
850 4.2
1000 4.6

1050 4.6




119.

10-2 : : ‘ ,
o3k PO?_(IN ATM.)_
‘ 0
= 5x10-!
© 2.1x10"°

: Ixi0"-!
% I.BJ(IO'2
O | x10-2
— 448 x10-2
b 0% 5x10°4_

10-2 ! | ) l !

0.7 0.8 0.9 i.0

1/Tx 10° (K)!

Figure 37. TEMPERATURE DEPENDENCE OF CONDUCTIVITY OF POLYCRYSTALLINE

SrTiO3 IN THE p-TYPE REGION.



120.

Table X.

ACTIVATION ENTHALPIES FOR CONDUCTION IN THE p-TYPE REGION

P02 (atm) Activation enthalpies [Kcal/mole]
10° 34.72
5 x 107 34.32
2.1 x 1071 35.10
1071 34.60
1.8 x 1072 39.20
1 x 1072 37.30
4.48 x 107> 39.80

-4

5 x 10 38.52
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is filled. If a significant proportion of the Vé' has been filled then
both h and Vg' become dependent on P02~ The trend toward shallower slopes
at higher temperatures represents an intrusion of the tramsition region
Jeading to the conductivity minima which are moving toward higher P02

with increasing temperature. The ready availability of oxygen vacancies
explains the unusual ease with which the material accepts a stoichiometric
excess of oxygen.

Earlier investigator520_22 have invoked the presence of an unknown
acceptor impurities in order to explain their very similar experimental
results in BaTiO3 in the Po, range under consideration. The estimated
acceptor impurity in our sample is approximately 170 ppm. These impuri-
ties and their charge compensating partner, Vé', dominate the charge neu-
trality condition in a wide range of Po2 (>10_15 atm). The only region
where impurity-insensitive behavior is observed is in the range of lowest
P02 and highest temperature where the conductivity varies as P02~1/6 and
the Vé' generated by Equation (99) exceed those due to the acceptor
impurity.

When the conductivities obtained from this work are compared with the
reported data of Walters and Grace43 in the narrow range of P02 used by
them, the two values are well within the range 0.03 ohm_lcm_l. This
agreement between the polycrystalline sample used in this invescigation
and the single crystal used by Walter; and Grace43 indicates that grain
boundaries have no significant effect on electronic transport in this

range of experimental conditions.
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5.4 Electrical Conductivity in Strontium Titanate with Non-Ideal Cation-

Cation Ratio

The electrical conductivity of polvcrystalline strontium titanate
with Sr/Ti = 0.996 and 0.99 in the temperature range 850-1050°C and in
equilibrium with oxvgen partial pressures between 100 to 10_22 atm. is
shown in Figures 38 and 39 respectively. In both cases the conductivity
changes from p- to n-type as the oxygen partlial pressure is decreased.
Three tregions are observed as the P02 value is decreased at any given
temperature (Figures 38 and 39). Figures 40-44 show the conductivity of
SrTiO3, Sr.996TiO3, and Sr‘99TiO3 at five different temperatures.

The log o vs log P02 data are linear with 2 slope ranging from
(-1/5.8) to (-1/6.4) as the temperature is increased in the Po, region

=21 -16

10 - 10 atm, (see Table XII) for Sr 996TiO3. In the same P02 re-

gion, the slopes vary (-1/5.3) to (-1/5.7) for Sr TiO3 as can be seen

95

from Table XIII. As Pp, is increased further, the Po, dependence of con-

ductivity changes for both the samples as observed in SrTiO The new

3"
values of slopes of log ¢ vs log Pg, plots are (-1/4.4) to (-1/4.6) for
. . . . -15 -8
both Sr_996T103 and Sr‘gngo3 in the Pp, region 10 - 10 7 atm. These
data are shown in Tables XIV and XV, respectively.
The region of linearity in the p-type region increases in width with
decreasing temperature as the p-n transition moves to lower Po2 in both

the samples with Sr/Ti < 1. The oxygen pressure range in which the p-type

behavior observed in the samples with non-ideal cationic ratio is nearly
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Table XTI,

Pg, DEPENDENCE OF CONDUCTIVITY IN St o4 Ti0, IN
TRE REGION 10 21 - 10'16 ATH.
© —l/m
T (°C) m for On = P02

850 6.04

900 5.8

950 6.4

1000 6.15

1050 6.15
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Table XIT.

P02 DEPENDENCE OF CONDUCTIVITY IN Sr TiO, IN

99°*"3
THE REGION 10~ 2% - 10718 arm.
o a _l/m
T (°C) m for On P02
850 5.3
900 5.5
950 5.5
1000 : 5.5

1050 5.7




Table XTII.

Po. DEPENDENCE OF CONDUCTIVITY IN Sr Ti0. IN
2 .996 3
THE REGION 10 > - 1078 amm.
o —l/m
T (°C) m for o« Pg,
850 4.4
900 4.2
950 4.4
1000 4.5

1050 4.6
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Table XIV.

P02 DEPENDENCE OF CONDUCTIVITY IN Sr TioO, IN

99" "3
THE REGION 10 +° - 1078 Am.
o —l/m
T (°C) m for Un o PO2
850 4.4
900 4.4
850 4.4
1000 4.6

1050 4.4
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Table XV.

PO2 DEPENDENCE OF CONDUCTIVITY IN Sr 996TiO3 IN
THE p-TYPE REGION
o l/m
T (°C) m for cp & P02
850 4.5
800 4.4
250 4.4
1000 4.4

1050 4.8
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the same as observed in SrTiO3. The P02 dependence of conductivity in

both the samples are given in Tables XVI and XVII.

REGION I: (Po, < 10716 atm. )

Deviation from ideal Sr/Ti ratio must be accommodated by point de-
fects. A number of mechanisms can be envisioned for the incorporation of
into SrTiO, of ideal composition so as to make Sr/Ti ratio

2 3

less than unity. The mechanisms include:

excess TiO

Ti0, =114 + 2072 (110)
2 i i
Tio. = Tit4 4 0. + 4e (111)
9 1 2
3 —n .+2 . _2
T90, = Tig. + Tiy + 30 + 0] (112)
2710, = TiT2 £ T4, + 30 + 2e' + 1/2 © (113)
) tse 1y o € 2
TL0, = Tip, + 20 + VQ_ + V7 (114)
T = T4 ot .
iO2 +1/2 02 Tl,ri + 30O + \,Sr + 2h (115)

Equations (111), (113), and (115), which generate electronic defects, can
be excluded because of the observed lack of the Sr/Ti ratio on the elec-
tronic conductivity. Both Ti-].l:4 and 0;2 are unfavorable defects in the
close-packed perovskite structure, so Egquation (114), involving the for-
mation of Vgr and Vé‘, is the most probable choice. This 1s in accord

with our electrical conductivity measurements in SrTiO3 which showed that
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Table XVI .

P02 DEPENDENCE OF CONDUCTIVITY IN Sr 99TiO3 IN
THE p-TYPE REGION
T (°C) w for o = Pozl/m
850 4.4
900 4.3
950 L.b
1000 4.8

1050 4.8
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Table XVII.

ACTIVATION ENTHALPIES FOR CONDUCTION IN Sr Ti0, IN

996" "3
THE REGION 107°1 - 10716 A,
P02 (atm.) Activation Enthalpies [Kcal/molel
10”21 109.75
10720 109.75
10712 109.75
10718 115.24
107 115.24
-16

10 116.60




138.

Vé‘ is the preferred defect for oxygen deficiency in SrTiO3, and they

20,

appear to be the dominant ionic defect in the closely related BaTiO3

21,47 . . .
in the oxygen-deficient region.
The assignment of double effective charges to both kinds of vacan-
cies implies that both donor levels associated with oxygen vacancies lie
above both acceptor levels associated with strontium vacancies. This is
supported by evidence that the oxygen vacancies in the similar compound
, ) 21 20 .

BaTiO3 are either substantially, or entirely, doubly ionized at tem-
peratures of 800°C and above, and that the oxygen vacancy levels in

SrTiO3 are extremely cleose to the conduction band.37
The equilibrium incorporation reaction, Equation (114), can be char-

acterized by 2 mass-actlon expression

i roe -
Ve 1 V') = Ky, ®ri0, (116)

where aTiOZ is the eguilibrium activity of T102.
When oxygen deficiency is also incorporated into such a system by

reducing the oxygen activity in equilibrium with the SrO-deficient SrTiO.,,

3
we should consider
0 =1/2 0, + V" + 2¢' 117
© 2 ° (= Eq. 99)
and
.. 2 -1/2

It is clear that a substantial built-in SrO deficiemcy will initially

exceed the disorder from the oxygen loss described in Equation (117). For
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this case the electrical neutrality condition will read,

W1 oL furey - v L/2 0 1/2
[Vsp) = 1V, = Kopg ®1i0, (119)
From equations (118) and (119) we can then obtain
Kl/2
) 211 -1/4
(0] = 7% 174 Poy 120)
208 ®Ti0

2

The data in Figures 38 and 39 and Tables XI and XIT indicate that
at low P02 region, the slope is =(-1/6) for (Sy/Ti) = 0.996 and 0.99.
This is similar to the slope found in strontium titanate with ideal cat-
ionic ratio (see Table VI). This indicates that at low P02 the electrical

neutrality condition should be

[n]) = 2[V;'] (121)
to give
-AH
. 1/3 , -1/6 “1/6 n
(n) (2Kll7) P02 K122 Po2 exp<{ . } (122)

where AHn is the enthalpy of reaction for Equation (117). TFor Equation
(121) to hold, the oxygen deficiency must greatly exceed the built-in
Sr0 deficiency.

Our thermogravimetric work indicates a maximum value of about 4.5 x
10_3 for x in SrTiO3_x when reduction was carried out in hydrogen (cor-

responds to the most extreme conditions used in this study) at 1050°C and
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a value of about 1.2 x 10_3 is obtained when the reduction was carried
out at an oxygen partial pressure value of 10—15 atm. For Equation (121)
to be a valid expression for the dominant charged defects, no other
charged defect can be present in excess of about 4 x 10_4 per cation site
(400 ppm atomic). But for the samples under consideration the SrO defi-
ciency amounts to 4000-10000 ppm (Sr/Ti = 0.996 and 0.99). Our experi-
mental results give a slope =1/6 for the oxygen pressure dependence in
the lower P02 range and the absolute values are very close to the values
obtained in strontium titanate with ideal cationic ratio (Figures 40-44).
Thls could be possible only when the defects related to the Sr0O deficiency
are associated into neutral complexes, such as vacancy pairs, to such an
extent that the residual, isolated, charged defects from this source do
not affect the condition of charge neutrality, Equation (121), and thus
have no influence on the oxygen-deficient defect chemistry. This asso-

ciation can be represented as

vSr + Vo v-(VSr Vo ) (123)

where the parentheses indicate that the enclosed species are electrosta-
tically bound to adjacent lattice sites,

The mass-action expression for Equation (123) gives

<V” V“) —AH

M = K (T) = K exp< R;) (124)
(Vo 1 [V "] 2 é

Sr o

where AHa, the enthalpy of association, is a negative number for this
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exothermic process. From Equation (124) one can estimate the value of
AHa necessary to keep the concentration of the dissoclated vacancies
below, say, 10 ppm level for the experimental temperature range. Kro-

r113 has reviewed published parameters for defect association and

ge
showed that the entire pre—exponential term in the association relation-
ships such as Equation (124), i.e., the entropy factor, is generally
close to unity. At the expense of introducing a considerable uncertainty,
we shall assume that to be the case. With this assumption Equation (124)
reduces to AHa = -18.4 RT for Sr/Ti = .99 with [Vgr] = [V;'] = 10 ppm.

The calculated values of -AHa then range from 2.1 ev at 1050°C to 1.78 ev
at 850°C for the sample with Sr/Ti = 0.99., Of course, the presence of
oxygen vacancies related to the accidental acceptor impurities in the
sample will suppress the dissociation to some extent. For the case of
Sr/Ti = 0.99, [V;'] = 100 ppm would reduce the absclute value of the cal-
culated values of AHa by about 15%Z. Moreover, the values will be even
smaller if the entropy term favors the dissociation, which is not un=-
likely. An associatlon enthalpy of =2 ev would be adequate to provide

the association to be sufficiently advanced in the experimental tempera-

ture range used in this investigation. This value is not an unrealistic

magnitude for doubly charged defects such as VSr

and Vé' on adjacent
lattice sites, when it 1is recalled that the association enthalpies for

divalent impurity cations and cation vacancies in alkali halides, e.g.,

114,115

[s ] in NaCl is about -0.5 ev, and there is emnough evidence

r., V!
Na Na
to suggest that AHa for cation and anion vacancies in these crystals,

114,115
V.

e.g., (Vﬁa Vél) in NaCl, is about -1 e The latter value is
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larger than the former because these defects involve adjacent lattice
sites and is thus the closer analog of the <v§r’ Vé‘) complex discussed
here. Even when only one of the defects is doubly charged, the degree
of association can be significant to quite high temperatures, It has

Y
been proposed that defect pairs of the type (M&i Vﬁi) make significant

+
contributions to the diffusion of Al+3 and Cr 3 in NiO up to nearly

1800°C.116’ll7

1/6

The region of very low Poz, where n « Poz_ has been observed for

samples with Sr/Ti = 0.996 and 0.99 (see Figures 38 and 39). Samples
prepared with Sy/Ti = 1, 0.996, 0.99 211 behaved very similarly. There
is no significant increase in conductivity between the samples with Sr/Ti

= 0.99 and 0.996. From the known levels of oxygen deficiency, and the
1/6

known levels of SrO deficiency, this condition of ¢ « POZ_ could not

be achieved without substantial association of the SrO-deficient defects.

Otherwise, reaction {(117) could not become the dominant source of {V;']

1/6

at low pressures and the relationship o « PO2_ would pot be observed.

-1/6 has also been observed in

20-22

The region of low POZ, where ¢ « P02
studies of BaTiO3 with high deficient in BaO.

An indication of the magnitude of AHn, the enthalpy of the oxygen
extraction reaction, is typically obtained from Arrhenius plots of the
conductivity, as deduced from Equation (122). This procedure neglects
the contributions from the temperature dependence of the carrier mobility
or density of states. Arrhenius plots for the oxygen partial pressure re-

16

gion <10 ~° atm, are shown in Figures 45 and 46 for the samples with St/

T1 = 0.996 and 0.99, respectively, and the calculated values of AHrl are
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listed in Tables XVII and XVIII, Average values of 4.89 ev (112.72 Kcal/
mole) and 4,98 ev (114.96 Kcal/mole) are obtained for the samples with
cation-cation ratio equal to 0.996 and 0.99, respectively. An average
value of 4.85 ev (111.8 Kcal/mole) is reported in Section (5.3) for the

Same P02 region in SrTi0, with ideal cationic ratio.

3

Region IT, (Po2 = 10—15 - 10_8 atm.)

A slope of approximately (-1/4.4) is found for the log G vs log P02
data (see Tables XIII and XIV). A slope of =1/4 was observed in sample
with ideal cationic ratio and was attributed due to the presence of an
unknown negatively charged impurity, i.e., an acceptor such as Al, Fe,

Mg, or Cr on Ti sites (see Section 5.3). The presence of small quantities
of the acceptor impurities are responsible for the observed P02 depen-
dence in the present samples too. The charge neutrality condition in

this region is
2(v ] = [at] (105)

It was shown in Chapter I, that in a ternary compound ABO3 with A/B
<1, for the case of negligible defect association, there exists a region
where the electronic conductivity varies as -1/4th power of oxygen partial
pressure in certain Pp, region (see Figure 15). If that were true, then
as the Sr/Ti ratio is changed, there should be a considerable change in
the observed conductivity values. But on the contrary the cbserved values

are close to each other (Figures 40-44) for samples with Sr/Ti = 1, 0.996,
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Table XVIII.

ACTIVATION ENTHALPIES FOR CONDUCTION IN Sy Tio, IN

99" %73
THE REGION 10_21 - 10_16 ATM.
Po, (atm.) Activation Enthalpies [Kecal/mole)
10721 109.75
10720 109.75
10718 112.49
10718 120.73
-17

10 122.10
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and 0.99. This again suggests that defects related to the deviation from

the ideal cationic ratio are associated into neutral complexes (Vgr Vé‘).
The activation enthalpies for conduction in this region derived

from Arrhenius plots (Figures 47 and 48) are shown in Tables XIX and XX.

Average values of 4.04 ev (93,06 Kcal/mole) and 4.45 ev (102.51 Kcal/mole)

are estimated for the samples with 0.4 and 1.0 mole % SrO deficiency

respectively.

Region ITI. (PO2 > 10_AL atm.)

The conductivity in this region increases with oxygen partial pres-
sure (see Figures 38 and 39), indicative of p-type, or oxygen excess con-
ductivity. The slopes of log 0 vs log P02 plots for both the samples
with non-ideal Sr/Ti ratios are given in Tables XV and XVI. The slopes
are in the range (1/4.4) - (1/4.8). The region of linearity increases
in width with decreasing temperature as the p-n transition moves to lower

POZ‘ In the same P02 region a slope of =1/4 was observed in SrTiO, (see

3
Section 5.3) in the lower temperature ranges. In all the samples, the
slopes decreased to =~(1/4.6) - (1/4.8) as the temperature was increased
to 1000°C and above.

The activation enthalpies of conduction, AHP, derived from Arrhenius
slopes, Figure 49 and 50, are given in Tables XXI and XXII. A value of

1.73 ev (39.9 Keal/mole) and 2.32 ev (53,5 Kcal/mole) are typical for the

samples with Sr/Ti = 0.996 and 0.99, respectively.
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\

Table XIX.

ACTIVATION ENTHALPIES FOR CONDUCTION IN Sr oo TiO, IN
THE REGION 10 *° - 1078 ami.
P02 (atm.) Activatlon Enthalpies [Kcal/mole)
10717 92.74
10714 90.54
10713 94.20
10712 94.20
1071 93.56
10710 92.37
-9

10 83.84
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Table XX.

ACTIVATION ENTHALPIES FOR CONDUCTION IN St o TiO, IN
THE REGION 102> - 10“8 ATM.

PO2 (atm.) Activation Enthalpies [Kcal/mole)
10722 97,85
10714 99.69
10713 101.52
10712 104.26
1071t 104.72
10710 103.92

1077 105.63
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Table XXI.

ACTIVATION ENTHALPIES FOR CONDUCTION IN St Ti0O, IN

996 "3
THE p-TYPE REGION
P02 (atm.) Activation Enthalpies [Kcal/mole]
109 38.96
9.78 x 1072 39.51
1072 40.24
1073 - 39.63

8.45 x 107> 41,16
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Table XXII.

ACTIVATION ENTHALPIES FOR CONDUCTICN IN Sy Tio., IN

99-*"3
TRE p-TYPE REGION
P02 (atm.) Activation Enthalpies [Kcal/mole]
10° 50.85
9.78 x 1072 53.41
10'2 53.96
1073 54.87
5

8.45 x 10 54.42
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It is apparent that a stoichiometric excess of oxygen can be incor-

porated into SrTiO., by a remarkably favorable process. In contrast to

3
this low value, enthalpies of oxygen addition for a large number of rare
earth and alkaline earth oxides are of the order of 3-6 ev.118 The SrO

deficiency makes available systematic oxygen vacancies which might accom-

modate a stoichiometric excess of oxygen without the need of creating a

crystallographic excess.

(Vgr v;') +1/2 02 v-oo + Vér + h° (125)
. = Xyp5 oy
[(VSr V0 )}
-AH
, 1/2
= K125 P02 EXP{ER} (126)

[(Vgr Vé‘)] can be taken as constant in Equation (126) for a given compo-
sition. The unassociated strontium vacancies that results when the oxvgen
vacancy in the mneutral strontium vacancy-oxygen vacancy complex is filled
must be singly ionized in order to lead to the +1/4 oxygen parctial pres-
sure dependence of the electrical conductivity data when Equation (126)

is combined with the corresponding charge neutrality condition
[vi )= [p] (127

The combination of equations (126) and (127), however, indicates that [p)

and, therefore, the conductivity in this region should be proportional to

. =t &) .. ) N
[Vér VO ] / . No such variation in the conductivity has been noted (see
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Figures 40-44). Only in Figure 44, which is at 1050°C, is there a slight

inerease in conductivity in the p-type region for Sr 99T:i.O as compared

3
with Sr‘996T103 and SrTiO3. This may be due to filling of a few unasso-
ciated oxygen vacancies that could be present at 1050°C and above.

One other source of oxygen vacancies is possible. Those necessary
to compensate for a net excess of the acceptor impurity present in the
samples. The oxygen is incorporated into the impurity-related oxygen
vacancies. The reaction is the same as seen for the case of SrTiO3 with

Sr/Ti = 1. That reaction is,

[v(;'] +1/2 0 =oo + 2K’ (108)

2

The charge neutrality condition in the near stoichiometric region is
2[v:') = (A'] (105)

where A' is the singly ionized acceptor impurity such as Al%i' From the
mass-action expression for reaction (108) and the charge neutrality con-

dition (105) we obtain

1/2

\ , _AH
(p] = gxlos [A ]} P021/4 exp {—ﬁ%} (128)
2

as long as an insignificant fraction of the impurity-related oxygen vacan-
cies have been filled. This model fits the observed pressure dependence
in this region. The ready availability of unassociated oxygen vacancies

in this model explains the low enthalpy of oxygen incorporation.
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The conductivity data obtained in samples with Sr/Ti < 1 suggest
that the deviation from the ideal cation/cation ratio in this material is
accommodated by the formation of neutral vacancy pairs (Vgr, Vé'). This

is in agreement with the behavior found in BaTiO

20,22

3 by earlier investiga-

tors.

5.5 Electrical Conductivity in Donor-Doped SrTiO3

Electrical conductivity of polycrystalline SrTi0O, doped with 0.1 -

3
2.0 at.% lanthanum was determined for the oxygen partial pressure range
of 100 to 10_22 atm. and temperature range of 850-1050°C. TFigures 51-55
show the dependence of electrical conductivity of lanthanum doped SrTiO3
specimens on the oxygen partial pressure at temperatures from 850-1050°C.
From the general shape of the curves two regions of the partial pressure
can be clearly distinguished. 1In one region, the conductivity is almost
independent of oxygen partial pressure (plateav region for higher lantha-
num content samples) and in the other region, the conductivity decreases
for all compositions as the oxygen partial pressure increases, character-
istic of n~type conduction.

The compensation of extra charge in the case of a substitutional
incorporation of lanthanum within the strontium sublattice in the perov-
skite SrTiO3 may occur via an electronic or a lattice defect, according
to the temperature and the oxygen partial pressure. For a moderately low

oxygen partial pressure, a charge compensation by an extra electron is

expected according to
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La,0, > 2 Laér + 2e'+ 200 +1/2 0 (129)

273 2

In the case of a complete exhaustion of the lanthanum donor levels, the
carrier concentration will depend linearly on lanthanum contént in
+3 . 42 +3 . +4 -2

La S Ti Ti 0
X

T , at least for the amounts of lanthanum used in
1-x % 1-x 3

this investigation. The electrical neutrality condition under this con-

dition will become:
[n] = [La"] = constant (130)

Lanthanum substitution for strontium is compensated by the creation of
equal numbers of Ti+3 ions and the negative defect concentration is inde-
pendent of equilibrium oxygen activity. This compensation mechanism has
been referred to as controlled electronic imperfection or electronic com-
pensation.113 As the lanthanum content increases the amount of Ti+3
should also increase. This should result in an increase in the conduc-
tivity.

From Figures 51-55 it is seen that as the oxygen partial pressure
falls below 10_16 atm. the conductivity becomes almost independent of the
oxvgen pressure, particularly at high concentrations of lanthanum [1 and
2 at.7%]) a dilstinct plateau is formed. Within the plateau region the con-
ductivity increases with lanthanum content as predicted by the above com-
pensation behavior.

Under higher oxygen partial pressure conditions, the extra charge of
the lanthanum may be compensated by a lattice defect. The main compensa-

tion mechanism considered here is by the strontium vacancy model, but
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since we have a ternary oxide, the additional strontium that results from
the strontium vacancies may combine with oxygen to form an SrO layer which
can be built into the lattice in a reasonably ordered fashion. The for-

mation of any Sr0O layer would be according to the equation

La_,_+ 1/2 Srsr + Ti.. + 1/4 0 (131)

St Ti =1/2 (5r0) + 1/2 VSr + TlTi + La

2 St

In this region, the donor dopant is compensated ionically by metal defi-

ciency. This compensation mechanism has been referred to as controlled

27,32,33 and stoichiometric com-

atomic imperfection,34 self~-compensation,
. 27 . - o
pensation. For large concentrations of donor dopants in transition
. 27 92
metal oxides Eror and Smyth, and Eror have shown that the donor dopant

is compensated ionically by metal deficiency at high oxygen activities.

This means that:
[La"] = Z[Vgr] = constant (132)

Applying the quasi-chemical mass action relarion to Equation (131),
4 11/2
vy

Ko = 7 (133)
P02 [TlTi]

. + .+ . , .
where [Tl%i] represents Ti 3 on Ti 4 site. [Tl%i] is the number of free
electrons available for conduction process. Therefore, Equation (133)

together with Equation (132) vields,

1/4

[n] = Po, (134)
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For oxygen partial pressures greater than 10_16 atm, the observed
conductivity decreases with P02 which is characteristic of n-type conduc-
tion. The slopes of lcg 0 vs. log Po2 plots in Figures 51-55 for differ-
ent temperature and concentration of lanthanum (see Table XXIII1) are
scattered in the region (-1/4.0) - (-1/4.7). This observed oxygen pres-
sure dependence of conductivity suggests that the lanthanum donocrs are
predominantly compensated by doubly ionized stromtium vacancies. 1In
this region, the electron hole concentration will increase to the +1/4
power of oxygen partial pressure. At certain oxygen pressure value, the
electron hole concentration will become greater than electrons and the
material will become p-type. Since the p-type conduction is not observed
within the experimental conditions here, we suggest that for lanthanum
doped SrTiO3, the electron hole contribution to the electrical conducti-
vity should appear only at a very high oxygen pressure, well beyond Po2 =
1l atm.

The activation energy of the conduction in the ionic compensation re-
gion is obtained from Arrhenius plots of the conductivity (Figures 58-
61). The activation enthalpies calculated from the Arrhenius plots are
given in Table XXIV for different samples investigated. The variation of
mobility and density of states with temperature are neglected in evalua-
ting the activation energy for conduction. The average values of 1.66,
1.63, 2.11, 1.90, 1.64, and 1.26 ev are obtained for the activation en-
thalpies for conduction for the lanthanum concentrations of 0.1, 0.2, 0.3,

0.5, 1.0, and 2.0 at.%, respectively,



Table XXTII,

PO2 DEPENDENCE OF CONDUCTIVITY IN THE IONIC COMPENSATION REGION

m for cn‘x POZ_I,m
Temperature (°C) Amounts of La™®: 0,1 0.2 0.3 0.5 1.0 2.0
in at. %
850 4.6 4.7 - 4.5 4.6 -
900 4.6 4.7 4T b6 4.4 b6
950 4.6 4.7 4.7 5.0 4.3 4.3
1000 4.5 4.5 4.7 4.5 4.5 4.3
1050 4.5 4.5 4.4 44 5.2 4.0

"L9T
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ACTIVATION ENTHALPIES FOR CONDUCTION IN THE
TONIC COMPENSATION REGTON

Table XXIV.

Activation Enthalples

+3 (Kcal/mole)

Pp,, (atm) Amounts of La ~: 0.1 0.2 0.3 0.5 1.0 2.0
2 in at. %
10° 35.97 37.61 45.75 44,13 35.92 29,22
1071 35.98 38.14 44.01 43.55 36.49 29.16
10‘2 35,91 36,49 47.42 43.55 37.57 28.59
1073 37.57 37.01 49,11 43.55 38.03 28.59
1074 39,19 137.03 49.89 44.67 38.66 29.66
10'5 37.64 37.05 49,99 43.55 139,20 -
1077 39.20 38.67 49.96 43.55 38.14 -
1078 40,29 38,11 49.10 43.54 38.06 -
10'9 39,73 238.11 50.74 - - -

~10

10 40.29 38.09 50.86 - - -

A
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5.6 Electrical Conductivity in Acceptor-Doped SrTiOjx

5.6.1 Iron-Doped SrTi03. The observed electrical conductivity of

SrFe Ti, O, (x = 0.036, 0.1, and 0.5 at.Z) as & function of Pp, at
x "1-x73 2

different temperatures are shown in Figures 62-64. For three selected

temperatures (950, 1000, and 1050°C) the conductivity of iron-doped and

undoped SrTiO, are shown in Figures 65-67. For the iron-doped samples,

3
no region where (-1/6)th dependence of conductivity on P02 were observed.
Instead, only two distinct regions were found. The observed data were
proportional to (-1/4)th power of oxygen partial pressure for the pres-
sure <10-10 atm., and proportional to P02+l/4 for the oxygen partial
pressure range >1O_5 atn. As the concentration of iron increased, there
is an appreciable increase in the value of p-type conduction at high
oxygen partial pressures and a shift in the minimum of the conductivity,
O in’ towards lower oxygen partial pressure (see Figures 62-64). It will
be assumed that the added iron substitute for titanium on normal lattice
sites because of their close ionic radii.

In the n-type region the conductivity is less than in the undoped
specimen (Figures 65-67). The minima of the conductivity of 0.5 at.% Fe
doped sample is shifted by more than three orders of magnitude to the
lower oxygen partial pressures in comparison with the undoped SrTiOS. The
conductivity minima shifts to higher P02 as the temperature is increased

for any given iron concentration (Figures 62-64).
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The slopes of the log o vs log P02 plots in the n~type region are
given in Table XXV for the different concentrations of iron in SrTiO3.
-1/m

The values of m in o, P02 in this region are in the range 4-4.7,

similar to the values obtained in the case of undoped S¥Ti0 The charge

3"
neutrality condition in this region is the same as used in the undoped

sample, namely,
fa'y] = Z[V;'] = constant 97)

+
Iron exists in two valence states, namely ferric (Fe 3) and ferrous
+
(Fe 2). Under reducing conditions a considerable portion of the added

iron will be in the divalent (ferrous) state. Hence, the neutrality con~

dition will be of the type
[a) = [Vé‘] = constant (135)

where A" represents a doubly ionized acceptor impurity and in the present
, . +2 4, ) ' )
case it will represent the Fe on Ti site, i.e., FeTi' This charge

neutrality condition (135) along with the mass-action expression for the

oxygen extraction reaction (117) gives,

1/4

[n] = Po,” (136)

The conductivity should, therefore, vary as -1/4th power of oxygen par-
tial pressure. The observed data are close to the value of -1/4. The
different valence state of iron will pot change the results except for
the change in magnitude of the conductivity values. An estimation of the

activation enthalpy for conduction can be obtained from the temperature
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Table XXV,

P02 DEPENDENCE OF CONDUCTIVITY IN SrFexTil-XOB’ IN

THE n-TYPE REGION

m for 0= Py ~1l/m

n 2
T(°C) X in atom % : 0.036 0.1 0.5
850 4,32 4.3 4.3
900 4.21 4.2 4,05
950 4.7 4.3 4.2
1000 4.6 4.2 4.15

1050 4.5 4,2 4.3
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dependence of conductivity (Figures 68~70). The calculated average values
of the activation energy for conductance are 4.78 ev (110.16 Kcal/mole),
4,90 ev (112.95 Kcal/mole) and 5.44 ev (125.49 Kecal/mole) for the 0.036,
0.1 and 0.5 at.% Fe doped SrTiO3 samples, respectively (Table XXVI).

The added iron impurities serve to compensate partly for the oxygen
vacancies formed during equilibration at low oxygen partial pressures.

Due to this, the electron concentration is decreased and hence the con~
ductivity is less than that observed in the undoped sample for the same
oxygen partial pressure in the n-tvpe region.

In the p-type region, the observed slopes of log ¢ vs log P02 plots
are shown in Table XXVII for various iron-doped samples. The slopes are
in the range (1/4.0) -(1/4.6). The activation energies for conduction
in this region deduced from the Arrhenius slopes (Figures 71-73) are
given in Table XXVIII. The average values are 1.67 (38.56 Kcal/mole),
1,47 ev (33.85 Kcal/mole) and 2.25 ev (532 Kcal/mole) for 0.036, 0.1, and
0.5 at.? Fe doped samples respectively.

As the Po2 value is increased, most of the added iron will exist as
Fe+3. If one assumes that all the iron added are in the Fe+3 state in the
P02 range where p-type conductivity is observed then the charge neutralirty

condition would be:
[A'] = 2[Vé'] = constant (105)

+ T ] ]
where [A'] represents the Fe 3 on Ti site, i.e., a single level acceptor

)

on Ti site, Fe!..
’ Ti

4+
Always there will be some Fe 2 ions present, especially

in the lowest Po2 value in the p-type region. TFor the reduced neutrality
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Table XXVI.

ACTIVATION ENTHALPIES FOR CONDUCTION IN SrFexTi

THE n-TYPE REGION

1-x

0

3

IN

188.

Activation Enthalpies (Kcal/mole]

Poz(atm.) x in atom.Z : 0.036 0.1 0.5

1072t 108.23

10720 103.17 111.58 128.41
10719 104. 26 110.85 128.04
10718 107.92 114.32 128.04
107 109.38 116.52 127.58
10716 111.58 115.24 125.30
10743 112.49 114.32 124.38
10714 113.41 114,32 121.64
10733 115.24 113.04 125.30
10712 114.32 113.77 125.85
1074 109.80 111.58 125.30
10710 111.58 120.51




Table XXVII.

P02 DEPENDENCE OF CONDUCTIVITY IN SrFexTil—XOB’ IN

THE p-TYPE REGION

+1/m
f g «P

m oT D 02
T(°C) x in atom % : 0.036 0.1 0.5
850 4,38 4.1 4,56
200 4.32 4.2 4.6
850 4.21 4.2 4.2
1000 4,15 4,05 4,44
1050 4.57 4.3 4.57
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ACTIVATION ENTHALPIES FOR CONDUCTION IN SrFexTi

THE p-TYPE REGION

Table XXVIII.

1-x

0

3

IN

193.

Activation Enthalples [Kcal/mole]

Poz(atm.) x in atom.% 0.036 0.1 0.5
10° 38.23 33.86 51.77
107t 39.33 31.92 51,40
1072 39.33 32.01 53.05
1073 38.41 35,44 53.95
1074 37.50 36.04 51.77
107° 50.30
107° 51.76
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condition where the acceptor-impurities (whether deliberately added or
accidentally present) are related to oxygen vacancies, the electron con-
centration varies as ~1/4th power and hole concentration varies as +1/4th
power of oxygen partial pressure (see Figure 13). Finally the hole con-
centration becomes egqual to the acceptor impurity concentration, which is
constant and hence the conductivity independent of P02 as shown in Fipgure
13. But before that stage 1s reached, [p] becomes greater than [n] and
the conductivity also changes to p-type (Figure 13). The experimental
observations as shown in Figures 62-64 are in agreement with the predicted
model (Introduction part and Figure 13). The p-type conductivity is due
to partial filling of the iron-related oxygen vacancies. Increase in
iron concentration gives rise to higher conductivity values in the p-type
region and lower values in the n-type region, This leads to the n to p-
type transition to move to lower PO2 values as the iron concentration is
increased in SrTiO,.

3

5.6.2 Aluminum-doped SrTiO3. Alvuminum was selected as anocther

acceptor impurity since, like iron, it could be expected to give rise to
higher electrical conductivity in the p-type region and low conductivity

in the n-type region as compared with the undoped SrTiO But, unlike

3
iron, the aluminum ion is believed to exist in only one valence (tri-

velent) state. Figure 74 gives the conductivity as a function of oxygen

00371 99703 (0.3

at.%Z Al). The Po, dependence of conductivity in this sample in both types

partial pressure at the indicated temperatures for SrAl

of conductivity regions are given in Tables XXIX and XXX. The general
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Table XXIX.

P02 DEPENDENCE OF CONDUCTIVITY IN SrAl

IN THE n~TYPE REG

I0N

T(°C) m for o« Po,
850 4.0

300 4.05
950 4.27
1000 4.15
1050 4,32
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Table XXX.

Pp., DEPENDENCE OF CONDUCTIVITY IN SrAl 0

THE p-TYPE REGION

) 0373 99703 IN

o +l/m
T(°C) o for cp « P02
850 5.2
800 5.0
950 5.16
1000 4.92

1050 5.0
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shape of the curves is similar to the one observed for iron-doped SrTiO3.
Since aluminum ion exist only in trivalent state, the charge neutrality

condition in both n- and p-type region will be
(A'] = 2[Vé'] = constant (105)

where A' now represents Al+3 on Ti+4 site, i.e., Al%i' This charge neuy-
tralicy condition explains the observed slopes as shown in Tables XXIX
and XXX.

The conductivity in the n-type region for the 0.3 at.Z Al doped sam-
ple is lower than that observed in SrFe.o Ti 0, and higher than in

01°7.99973

SrFe In the p-type region the conductivity of the 0.3 at.%

005'% 99503-

0., but lower than in

Al doped sample is higher than in SrFe 4 Ti 5004

SrFe This observation is consisteant with the expected levels

005™ . 995%3
of the conductivity values for the acceptor dopant concentrations con-
sidered in this work. The conductivity of the undoped and aluminum doped
SrTi0, at 1050°C is shown in Figure 75. From Figure 75 it can be seen
that the region in which the conductivity varies as -1/4th power of Py,
due to presence of some unknown acceptor impurity in the undoped sample,
is extended much further by deliberately doping with aluminum impurities.
Again, there is no region where -1/6th dependence for conductivity on P02
is observed in the aluminum doped sample. The conductivity minimum is
shifted by about three orders of magnitude to the low P02 by doping with
0.3 at.% Al, as compared with the undoped SrTiO3 which also accounts for

the crossover seen in Figure 78.
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The temperature dependence of electrical conductivity in SrAl.OO3
Ti.99703 is given in Figures 76 and 77 for both n- and p-type conductivity
region, respectively. From these plots, the activation enthalpy for con-
duction is estimated and shown in Tables XXXI and XXXII. An average value

of 5.07 ev (116.96 Kcal/mole) is obtained for n-type region and 2.69 ev

(62 Xcal/mole) for the p-type region of conduction.

5.7 Raman Spectra of SrTiO3

The Raman spectra of polycrystalline SrTiO, are given in Figures 78

3
and 79. TFigure 78 shows the complete spectra at various temperatures as
far as we have been able to detect. These spectra were run with a scan
rate of 4 cm~1/sec and slit width of 4 cm_l. The spectra in Figure 79
were run with a lower scan rate (1 cm-llsec) in order to show more detail
near the exciting line. The relative intensity of all of the graphs is
linear and the scale is essentially the same for all of them but slightly
displaced for optimum display. Each spectrum is a sum of as many as ten
scans at a given temperature. Table XXXIV shows the temperature depen-
dence of the principal peaks for the spectra of polycrystalline Sr'I‘iO3
plotted in Figure 78. For comparison, the room temperature spectrum of
clear, single crystal SrTiO3 (growth method unknown) is given in Figure

80. All of the Raman bands observed in the single crystal sample are also

seen in the spectrum of the powder samples.
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Table XXXI,

J J \] \ J \
ACTIVATION ENTHALPIES FOR CONDUCTION IN SrAl_DO3Ti'997O3 IN

THE n-TYPE REGION

10720 114.14
10712 115.24
10718 115.24
1077 117.07
10716 116.52
1074 116.15
10734 116.70
10713 117.71
10742 117.98
1071t 118.88

10 120,94
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Table XXXII.

ACTIVATION ENTHALPIES FOR CONDUCTION IN SrA1‘003T1.997O3 IN

THE p-TYPE REGION

Po, (atm.) Activation Enthalpies [Kcal/mole]
10° 62.19
1072 62.50
10'2 60.97
1073 62.19
-4

10 62.19
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Table XXIII.

RAMAN BANDS OBSERVED IN SrTiO3 AS A FUNCTION OF
TEMPERATURE (FREQUEMCIES ARE- ALL IN cm

-1

)

207.

78K 100K 120K 175K 223K 273K 295K 333K 393K
A 48 48 49
B 71 73 73 75 75 77 77 81 83
C 148 146 146
D 169 169 172 174 170 171 171 170
E 235 238 236
F 255 255 253 250 250 250 250 252 256
G 293 297 299 305 308 311 313 316 320
R 378 372 370 368 372 374 375 380 381
I 450 450 450
J 561 562 561 560 561 561 561 561 561
K 620 616 617 619 619 620 620 620 623
L 676 674 678 680 680 678 678 678 678
M 719 718 714 716 720 721 723 725 725
N 784 779 793
P 1040 1043 1046 1040 1038 1033 1036 1040 1040
Q 1320 1312 1315 1316 1318 1320 1320 1320 1320
R 1620 1600 1600 1606 1610 1610 1607 1610 1610
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Figure 80. RAMAN SPECTRUM OF SINGLE CRYSTAL SrTiO3.
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As the temperature is reduced to 120 K, five sharp lines appear in
the spectrum which have energy shifts of 16, 26, 146, 236 and 450 cm_l
These lines undoubtedly appear as a result of the phase transition at
120 K and are essentially unaltered as the temperature is lowered. In
addition to these five bands there is yet another band at 793 cm_l
(120 K) which appear only in the tetragonal phase, This band (793 cm_l)
and the small peaks at 171 and 561 cm_l are attributed to impurities.

An impurity induced band corresponding to the ferroelectric Tlu soft mode
is seen at 46 cm~1 (100 X).

Strontium titanate at room temperature is paraelectric and has an

ideal cubic perovskite structure (Figure 17) with space group pm3m[0i].

Each unit cell contains one formula unit of SrTiO, and each ion occupies

3
a site with inversion symmetry.

There are 3N degrees of freedom for a crystal containing N atoms in
the primitive cell. Of the 3N degrees of freedom, three represent pure
translations and appear as the acoustic modes involved in the propagation
of sound waves through the crystal. The remaining 3N-3 modes are distri-
buted between internal (molecular) modes, translatory (lattice vibration)
modes and rotatory modes (which would become free rotations in the limit
of zero interaction of groups within the structure).

There are 15 total degrees of freedom for SrTiO, in the cubic phase

3
because it has five atoms in a cell. It is important to determine which
vibrational modes are Raman and infrared spectroscopically active. The

factor group method of classifying fundamental vibrational modes of crys-

tals, as developed by Bhagavantam and Venkatarayudull9 has been a laborious
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procedure fraught with difficulty and with many points of indecision.
Among the latter is cthe choice of the primitive cell and the correct site
symmetry of each atom. However, there is a short, straightforward, fool
proof correlatcion method120 to obtain the vibrational selection rules.
There has been little recent discussion of the correlation method in the
spectroscopy literature., For this reason, a2 brief outline of the cor-
relation method in obteining the normal modes of vibration for SrTiO3 is
illustrated in Appendix I (a). In order to show how laborious the
Bhagavantam and Venkatarayudu method is, we have outlined that method,
too, in the Appendix I(b).

The group-theoretical analysis shows that the acoustic_modes in

cubic SrTiO3 belong to a triply degenerate T u species and the optical

1

modes to three triply degenerate Tlu species plus one triply degenerate

T2u species [see Appendix I (a) & (b)].
The T2u mode is a 'silent' mode; i.e., neither IR active nor Raman
active. In this silent mode, only the oxygen atoms vibrate, with the

titanium and strontium atoms fixed. The remaining three sets of TlU modes

represent the Sr-(TiO3) oscillation, the Ti-0 stretching and bending

oscillations. The Tlu modes are infrared active but Raman inactive. All

first-order Raman modes are, therefore, forbidden and the observed bands
in the cubic phase are second-order from combinations of phonons at
various points in the Brillouin zone. Some of the earlier investigators

have attempted to interpret the room temperature spectrum of SrTiO3 as

55,121-123

first-order. We find the spectra of SrTiO, at room temperature

3

to be entirely second-order.
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Second-order Raman scattering is the inelastic scattering of light
by a crystal, during which the radiation is scattered by an interaction
in which two phonons are either created or annihilared. In the case of
Stokes components, overtone bands are obtained from the creation of two
phonons from the same vibrational branch, addition combination bands from
the creation of two phonons from different branches, and difference com-
binaction bands from the creation of one phonon and destruction of another
phonon of lower energy. The anti-Stokes components are obtained by inter-
changing the roles of creation and destruction processes. The wave-
vectors of these phonons are restricted by the condition that the tortal
crystal momentum is conserved. In first-order Raman scattering processes,
the phonon can only originate from a point near the zone center. Since
the wave-vector of the phonon is very small compared with the dimensions
of the Brillouin zone the phonon wave-vector must be small to conserve
the momentum. The momentum conservation in the second-order scattering
process requires effectively that the wave-vectors of the two phonons
should be equal in magnitude but opposite in sign. The two phonons can
originate anywhere in the zone provided their wave-vectors add up to
approximately zero. Because of this difference in satisfying momentum
conservation, first-order spectra are made up of discrete lines from in-
dividual branches in the vibrational spectrum, whereas the second-order
spectra tend to be continuous.

The general space-group selection rules for two-phonon Raman scat-
tering for any crystal lattice possessing inversion symmetry has been de-

124,125

rived by Loudon,. As SrTiO. possesses inversion symmetry, the

3
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selection rules can be summarized in the following manner. At a general
wave-vector in the Brillouin zone, two-phonon combination states (two
phonons belonging to different branches) are active in both Raman scat-~
tering and infrared absorption, while two-phonon overtone states (two
phonons belonging to the same branch) are active only in the Raman process
but forbidden in the infrared absorption. Since near the zone boundary
the density of states becomes quite large, our interpretation of the
second-order spectra will be in terms of phonon energies near the zone
boundary.

At the zone edge, there are four doubly degenerate transverse optic
modes (TOl, T02, TO3 and TOA)’ four longitudinal optical modes (LOl, LOz,

LO3 and LOA), a doubly degenerate transverse acoustic mode (TA), and a

single longitudinal acoustic mode (LA). This results in ten discrete

phonon branches to contribute to the multi-phonon process seen in the

(124,125

Raman spectrum of SrTiO According to Loudon selection rule

3-
analysis, at the zone boundary alone 45 summation bands, 45 difference
bands, and 10 overtone bands are possible to contribute to the second-
order Raman spectrum. Fortunately, the temperature-dependent study eli-
minates a large number of difference processes and with the availlable

experimental and theoretical results for SrTi0O, it is possible to inter-

3
pret the Raman spectrum in terms of phonon pairs at the zone boundary
where the density-of-states is maximum.

Our assignment of bands in the room temperature Rawman spectrum of

SrTiO3 is given in Table XXXIV. The bands are identified by their room



Table XXXIV.

213.
ASSIGNMENT OF THE SECOND-ORDER RAMAN BANDS
FOR SrTiO3 AT ROOM TEMPERATURE
Observed second-order Calculated energy
energy shift (cm_l) Assignment shift (cm_l)
77 T02 - TA 74
TO2 - T0; 74
250 2 TA 244
2 TOl 244
TOl + TA 244
- TA + LA 269
313 '1‘02 + TA 318
T02 + 10, 318
TO4 - '1'02 312
+
375 TOl LOl 355
T02 + LA 343
LOl + TA 355
'I'O4 - 10, 386
TO4 - TA 386
2 10, 392
620 . ‘IO4 + Ta 630
10, + TO, 630
678 2 TO3 678
TA + LO3 698
TO1 + L03 698
723 TO4 + ‘1'02 704
LA + LO3 723
1036 2 TO4 1016
2 LO2 1036
LOl + LOA 1037
1320 I..O4 + T0, 1312
LOA + LO3 1380
1607 2 LO 1608
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temperature energy shifts given in Figure 78. The observation of spectra
at different temperatures below room temperature helps to distinguish
overtones and addition combination bands from difference combination
bands. The difference combination band should decrease in intensity
relative to the other bands as the temperature is decreased. The band at
77 cm_:L decreases in intensity as the temperature is lowered, and hence
it is obviously a difference combination band. In contrast, the band at
250 crn_l does not decrease 1in intensity as the temperature is reduced and
must, therefore, be either an overtone or addition combination band. The
temperature dependence of the energy of 77 cm_l band is not the same as
the ferroelectric "soft"” mode observed by Barker and Tinkham63 and by
Cowley53 for SrTi0., and so it does not appear to be a fundamental of the

3

TOl mode at the center of the zone, being Raman active due to distortion

from cubic symmetrry. We assign the 77 cm“1 band to the TOz—TA and TOZ_TOl

combinations and the 250 cm_l band to the overtones 2TA and 2T0l and the

addition combination TOl + TA and TA + LA. The 250 cm_1 band gives the

single-phonon energy of TA and TO1 modes as 125 cm_l at the zone boundary

as compared to 126 cm_l from the measurements of Nilsen and Skinner.58
The intensity of band at 313 cm~1 decreases only slightly as the
temperature is lowered. This band is assigned to both sum and difference

5 + TOl, and TOA - TO2 band. From

the TO2 * TA and TO2 * TOl combinations, the TA and TO

are estimated to be 118 cm_l and the TO2 energy to be 195 <:m_JL at the zone

combination bands, namely T02 + TA, TO
1 phonon energies
boundary. These values are in excellent agreement with the neutron dif-

fraction56 values of 117 and 194 cm_l. The band at 375 cm_l behaves
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qualitatively in the same manner as the 313 cm-l band. The following com-

binations are allotted for this band: TO, + LO TO2 + LA, LO. + TA,

1 1’ 1

TOA - TA, TO4 - TOl, and 2 T02. The 2 TO2 overtone yields a single-phonon

energy of 188 cm-l for TO,.

The bands in the region 620-723 crn_l remain reasonably intense and
maintain the band contour as the temperature is decreased. For this rea-
son, no difference combination band should be present in this region of
the spectrum, and the bands are attributed to additiorn combination and

+ TA, and TO, + TO

overtones only. The 620 cm-l band is assigned to TO 4 1

4

From this and the assignment for 375 cm_l band yield single-phonon ener-

gies of 498 cm_l for TOA mede and 123 cm-l for the TA and TOl modes at

the zone boundary. The single-phonon energy for TO, mode is estimated as

3

339 cm~1 from the 2 T03 overtone given to the 678 cm_l band. This energy

A ] -1 , .
is in good agreement with 328 cm = from the neutron diffraction work for

the TO3 mode. The addition combination bands TO4 + TO2 and LA + LO3 are

responsible for the observed band at 723 cm_l. The TO4 * TO2 combination
vields phonon energies of 518 cm_l and 205 cm_l for the TO4 and TO2 modes.

The LA + LO3 combination for 723 cm-l band along with the combination

bands for 678 cm_l and 250 Cm-l yield 576 cm_l for the LO3 mode at the

zone boundary.
The bands at 1036, 1320, and 1607 cm_l all remain reasonably intense
and maintain their band shape as the temperature is lowered. The band at

1036 cm_l is assigned to 2 10,, 2 TO, and 10, + LO,; 1320 cm_l band to

2 4 1 43

L0, + TO,, and 10, + LO.: and the 1607 cm * band to the 2 LO

4 4 4 3> overtone.

4
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These band assignments yield 518 cm_1 and 804 cm_1 as the energies of LO2

and LO, modes, respectively. We find that the bands at 171 cn ! and

561 cm_1 are strongly sample dependent in the Raman spectra. These bands

are absent in the clear, single crystal SrTiO, sample (see Figure 80).

3

Lines at these frequencies have been consistently reported in the infra-

red and neutron spectra both in the cubic and tetragonal phase of SrTiO3.

Since there are no first-order Raman active modes in cubic SrTiO we

3
believe that these two bands are the result of impurity-induced Raman
scattering. Further, we have evidence from the high temperature electri-
cal conductivity studies, for the presence of small amounts of acceptor
impurities (Al, Fe, or Cr on Ti site) in the sample [see Section 5.3].
The frequencies of the phonon branches at the zone boundary for SrTiO3

deduced from this Raman measurements are listed in Table XXXV,

Raman scattering in the tetragonal phase

As the temperature is decreased to 120 K, new lines appear with
energy shifts at 16, 26, 46, 146, 236, 450 and 793 cm_l. These bands
appear only in the tetragonal phase and are presumably forbidden by sym-
metry in the cubic perovskite phase. It was thought that some or all of
these indistinct bands were attriburable to local impurity modes58 until
Fleury, et al.9 associated most of them with proper first-order modes of
the tetragonal structure. The presence of acceptor impurities raised
the transition temperature to 120 K from 110 K (as reported for single

crystal SrTiO3) for the present samples.
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Table XXXV.

FREQUENCIES (cm_l) OF PHONON BRANCHES AT THE EDGE

OF THE BRILLOUIN ZONE FOR SrTiO3 (295 X)
Present work 53 57
Phonon Branch (average value) Published work ~’
TOl 122 117, 120
T0, 196 194, 190
10, 339 328, 330
10, 508 544, 540
LOl 233 270
L02 518 473
LO3 576 550
LOA 804 807
TA 122 117, 110

LA 147 150
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The cubic to tetragonal phase transition involves only a small rota-
tion of the oxygen octahedron. The displacements which yield the tetra-
gonal phase are illustrated in Figure 8l. The TiO6 octahedra rotate
around a cubic [111] axis,126 but the sense of rotation is reversed in
adjacent unit cells, because in the perovskite structure the 806 octa-
hedra have common oxygen corners and half of them rotate by an angle +0
and the other half by an angle -0. The tetragonal unit cell is double
the size of the cubic cell. Because of the doubling of the unit cell,
the zone boundary of the cubic phase now becomes the zone center of the

tetragonal phase. The space group of SrTiO. in the low temperature,

3
tetragonal phase was first correctly determined by the EPR studies of
Unoki and Sakudo,127 who determined it as Dig [IA/mcm] with two formula

groups per primitive unit cell.
A group theoretical analysis for tetragonal SrTiO3 predicts seven

Raman-~active modes f[A +3E +28B + B, ). Tayler and Murray60 have
ig g 2g 1g

(=3

showvn from polarizacion study of single crystal SrTiO3 that the two Egand

B20 pairs have nearly the same frequency, to the accuracy of the experi-
(=}

3 3
128,129

ment, In other perovskites, however, such as KMnF, and RbCaF the Egand
B2g pairs are clearly separated in frequency. Allowing for the
coincidence in frequency of the two Eg - BZg pairs, there should be five
distinct first-order modes active in the Raman spectrum of tetragonal
SrTiO3. The bands observed at 16, 26, 146, 236 and 450 cm_l are the five
Raman active modes as predicted by symmectry for the cetragonal structure
of SrTiO3. The triply degenerate silent T

splics intoc two zone-center modes: a doublet (Eg) with rotation axes

2u soft mode of the cubic phase



219.

(a) ()

Figure 81, (a) CRYSTAL STRUCTURE OF CUBIC SrTiO,

(b)Y DISPLACEMENTS VYIELDING THE TETRAGONAL PHASE OF

SrTiO3 FROM THE CUBIC PHASE,



220.

perpendicular to the four fold axis and a singlet (Alg) with rotation axis
parallel to the four fold axis. The zone-center frequencies for the
tetragonal phase obtained from the Raman spectra are compared with fre-
quencies obtained by other techniques in Table XXXVI.

In addition to the impurity induced bands at 172 and 561 cm_l, there
is yet another small peak at 793 cm_l which we believe is also due to im-
purities. This particular impurity mode appears only in the tetragonal
phase and it might not be in correct symmetry to show any Raman activity
in the cubic phase. This impurity mode is not reported in the literature.
Presence of the impurities should alsc show an impurity induced peak cor-
responding to the ferroelectric Tlu soft mode which has been observed at
40 cm_l (80 K) by EFIRS (Electric field induced Raman scattering) and neu-

tron scattering. A close examination of Figure 82 shows this to be the

case; there is a weak peak at 46 cm_l (100 K) in this spectrum.

5.8 Ruddlesden-Popper [nSrTi04 SrO] Phases

Figure 82 gives the crystallographic unit cell containing two formula
units of the compounds for the first six values of n by stacking required
numbers of cubic SrTiO3 perovskite blocks and a Sr0 layer. The x-ray
powder diffraction results obtained for the first three members in this
series prepared by liquid mix technigque are shown in Table XXXVII. For
the compounds SrzTiOA, Sr3T1207, and Sr4T13010 there is a gradual increase

in the lattice constants along the c-axis. It should be mentioned that



Table XOXXVT. Zone-center phonon frequencies In tetragonal SrTiOJ [ca
Raman:
100 Ka 15 26 L1 146 169% 235 430 562 TI9%
E Y (B, + E) ¢ {8, + E)
{ a) ( 13) R 13) g B
95 Kb 9 8 LOn 142 171~ 260 4hd 543
8o r© » 148 1724 247 45 S51%
10 x* 15 48 145 459
Neutron:® 12 33 40 168 262 452
(80 k) {80 K) (80 K} (90 ) (90 K) (%0 X)
EFIRS: 40 171 268 560
{BO K) (47 X) (1D X} (47 X)
Infrared:® 172 544
(80 K) {80 K}
(a) present work
60
(b} Tayler snd Murray
5
{c) Hllaen and Skinner o
{d) Fleury, Scott and Worlack .
(e} Stirling '3 0shirane and Yemada 131
(f) Fleury and Uorluck59
(g) Barker

Impurity induced moda

“1ce
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STRUCTURES OF RUDDLESDEN-POPPER [nSrTiO3'Sr0] PHASES

FOR n UP TO 6.

Figure 82.
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Table XXXVII.

LATTICE CONSTANTS FOR SrTiO Sr,Tio

3! 2 4’
Sr3T1207, and Sr4T13010
Compound gé cA
SrTio3 3.905
SrzTiO4 3.B82 12,600
Sr3T1207 3.907 20.454
Sy, Ti.0 3.900 28.124

4773710
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single phase compounds of the above members are obtained by heating the
glassy material obtained in the liquid mix technique to only 800°C for
about 10 hours, and there is no change in the x-ray powder pattern when
the samples are heated to still higher temperatures (1200, 1350°C) for
prolonged periods of time, It was mentioned in Chapter II that a pure
SrATi3010 was prepared for the first time by MacCarthy et a1.80 by firing
appropriate amounts of TiO2 and SrO0 for a week at 1475°C, with several
intermediate regrindings. Since the mixing is carried out in the liquid
state in our preparation technique, diffusion is not a problem and we are
able to get the homogeneous single phase material by firing at 800°C for
about ten hours.

The x-ray diffraction pattern for compounds with n = 4, 5, and 6 are
all similar to cubic SrTiO3 phase. There was no evidence of any second
phase in the x-ray diffraction patrern for these three compounds. As the
value of n increases, the number of cubic perovskite (SrTiO3) blocks be-
tween the SrO layers [Figure 82) also increases. The powder x-ray dif-
fraction technigue might not be sensitive enough to pick up the (Sr0)
layers along with large numbers of SrTiO3 blocks sandwiched between the
(Sr0) layers. Raman spectroscopy 1is a much more sensitive technique and
so we used that technique to study these phases in more detail.

The observed Raman spectra of the compounds with n = 1 to 6 are
shown in Figure 83 and the observed frequency shifts (cm_l) are listed
in Table XXXVIII, The factor group analysis for the Ruddlesden-Popper

phases for n up to 25 were made by the correlation method [see Appendix
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OBSERVED FREQUENCY SHIFT [cm_l] IN THE RUDDLESDEN-POPPER PHASES

Table XXXVITI.

226.

Compound cm-1 Compound crn_1 Compound cm-l
203 180 181

284 273 270

SrZTiO4 388 Sr3T1207 347 SrATi3OlO 320
426 415 381

502 498 486

574 631 630

630 735 734

748 1030 1026

1040 1600

187 187 187

273 270 261

352 360 378

SrSTi4013 383 Sr6T1’5016 382 Sr7Ti6019 482
486 486 631

628 630 673

736 671 725

1027 732 1018

1602 1017 1600

1590




II1]. Tables XXXIX and XL give the site symmetry for strontium, titanium,
and oxvgen atoms and the results of the factor group analysis, respec-
tively.

The space group is determined for the first three compounds of the
Ruddlesden-Popper phases as DZ; (I4/mmm). Since the other members of
this series seem to have the same type of stacking [see Figure 82] with
different numbers of perovskite blocks, the space group for the whole
series of members in the family nSrTiO3'SrO can be treated under the same
space group, Di; [T4/mmm]. As the number of perovskite blocks increases,
there is change only in the c~axis. It must be remembered thét no first-
order modes are allowed to be active in Raman scattering in the cubic
SrTiOB, with space group Oi [Pm3m]). Similarly, SrO has no first-order
Raman active modes.

First-order Raman scattering is allowed in the Ruddlesden-Popper
phases as can be seen from Table XL which also gives the infrared absorp-
tion modes. The factor group analyses does not show a simple band mul-

tiplicity of Raman active modes as the value of n is increased even though

the space group D17

4n I4/mmm is preserved by stacking the cubic SrTiO

3

blocks. This is because of change in the sites occupied by strontium,
titanium and oxygen atoms as n is changed. An enlargement of the primi-
tive cell, without a change in space group symmetry will cause an increase
in the number of allowed modes usually by some multiplicity factor only
if there is no change in the site symmetry of atom species involved.

81

Such a simple band multiplicity effect is seen in ZnSb206, trirutile

structure with space group Diﬁ [P42/mmm]). Trirutile styucture is one in



Table XXXTX.

SITE SYMMITRY FOR THE ATOMS IN nSrT10..Sr0

3
Atom Site n=} 2 3 4 5 6 7 8 9 i 10
j
Déh (1) & * * * * !
CAV 2) » & * 3 % * * * *
Ti * ® * " « * *
* * * % *
% * *
%
Dl.h 1) " * ® * "
Clw (2) * * * % * % » * « *
* * = ® * * * *
Sy * ® * * * *
” * * #
3 *
D4h Q) * % * * *
DZh (2) * * * » *
cbv 2) * « * * * * * * * *
0 * 'S ® ® » * - *
* * * * * *
* * * *
J » *
sz (4) * * » * * * * * *
® @ * . * » *
* * * * »
* * *
*




Table XL.

FACTOR GROUP ANALYSES FOR TEE RUDDLESDEN-POPPER [nSrTi0_.SrO] PHASES

3

SPACE GROUP D:Z., 14/mmm.NO, OF MOLECULES IN A PRIMITIVE CELL = 1

" Alg lg Eg T Eu Ei?:se aiéive
modes modes !

1 2 0| 2 4 1] s 4 ? -
2 4 1] 5 1] 2 10 11
3 6 11 7 2 |10 14 16
4 8 2110 |10 2 | 12 20 20
s | 10 2112 |12 3|15 24 25
6 | 12 3015 | 14 31|17 30 29
7 | 1 3|17 | 16 4 | 20 34 3%
8 | 16 ¢ | 20 | 18 4| 22 40 38
3 | 18 4|22 | 20 5 | 25 44 43 | T, oustte = Az * Ky
10 | 20 5 | 25 | 22 5 | 27 50 47 B i tneccive
1| 22 s |2 | 2 6 | 30 54 52 v
12 ] 2 6|30 | 26 6 | 32 60 56
13 | 26 6| 32 | 28 7| 35 64 61
14 | 28 7135 | 30 7 | 37 70 65
15 | 30 7137 |32 8 | «0 74 70
16 | 32 8| 40 | 34 8 | 42 80 74
17 | 34 8|42 | 36 9 | 45 84 79
18 | 36 g |es | 38 9 | &7 90 83
19 | 38 9|47 |40 |20 50 94 88
20 1 40 |10 | 50 |a2 |10 |52 | 100 92
21 |42 |10 52 |44 | 11|55 | 104 97
22 | 44 11 )55 |46 | 21|57 | 110 101
23 |46 {11 |57 |8 |22 |60 | 11 106
26 | 48 |12 |60 |50 |12 |62 | 120 110
25 |50 |12 |62 |52 |13 |6s | 124 115
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which 3-fold increase in the size of the unit cell is obtained by stack-
ing three rutile cells along the c-~axis. A tripled unit cell with no
change in symmetry or site population simply triple the number of modes

appearing in each irreducible representation. The twelve predicted

Raman active modes are observed in ZnSb206.81

The total number of Raman active modes increase in steps of 10 for
even and odd values of n, respectively, in the Ruddlesden-Popper phases.
This becomes clear when the site symmetries for the atoms are considered

for even and odd values of n. Atoms lying on site symmetries DAh and D2h

do not give any Raman active modes {see Appendix II}: atoms on site sym-
metry C4v give two; and those on C7v sites give four Raman active modes.
For even values of n, for each increase in n there are two more titanium

atoms involved and they occupy the C v sites. This gives rise to two new

4

Raman active modes. Similarly, there are two more new strontium and six

oxygen atoms involved. The two strontium atoms go to CL‘v sites and con-

tribute two new Raman modes. Four oxygens occupy C site and the re-

2v

maining two go to C site thus increasing the Raman active modes by six.

4v
Altogether, therefore, ten new Raman active modes are created for each
respective increase in the even values of n. Similar site arrangements
increase the Raman active modes by ten for each increase in the odd values
of n.

The B, mode in the group D

ou is inactive, i.e., neither active ip

4h

Raman scattering nor infrared absorption. The three acoustic modes have

A2u + Eu symmetry. The Raman, infrared active modes, the inactive modes
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along with three acoustic modes account for the total degrees of freedom
for each compound.

Not all the Raman active modes predicted by group theoretical analy-
sis are actually observed and this may be due to poor linkage between the
individual segments in the enlarged unit cell, Because of this weak
linkage, no coupling between the vibrational motions of the segments

would exist. Such a reasconing for weak linkage between NbO6 octahedra

has been applied in the past for the observed 26 Raman bandsl32 in

CaszZO7 even though the group theoretical analysis predicts 129 normal
modes of vibration, all of which are active in both Raman and infrared
absorption spectra.

White and Keramidasgl observed a single band at 579 cm_l in SrQTiOA,
two bands in Sr3TiZO7, and three bands in SrATi3OlO' The spectra reported
in this work (Figure 83) for these three compounds are not quite as simple
as reported by White and Keramidas.81 Many bands appear close to each
other and some weak bands may easily have been overlooked when they appear
next to strong bands. White and Keramidasgl concluded that the new bands
appearing in the Raman spectra of Ruddlesden-Popper phases have no counter-
parts in the parent structures. But our observation indicates that the
broad bands in the region 360-380 cm_l and the band at 630 cm_l are also

present in the parent SrTiO, spectra (Figures 78 and 80).

3
It is not possible to give a firm assignment of the spectra since
not all the predicted modes are observed and secondly no polarization data

from single crystal studies are available. Of great interest are the

strong bands in the range 500-700 cm_l. The Alg modes should be the most
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intense and should correspond to a symmetric stretch of the TiO6 octe-
hedra. The band around 180 cm_l is due to Sr—(TiO3) vibration. The fre-
quency of this particular vibration is found to be at 178 cm_l in SrTiO3

by far-infrared dielectric dispersion experiments.64

modes (Raman active) for

Group theoretical analysis predicts 2 A18

SrzTiOA. A close examination of the strong band at 574 cm_l shows that
it is made up of two bands very close to each other., This strong band
splits into two for higher values of n. It is possible for many of the
Raman active modes to have nearly the same energy and the bands therefore
overlap one ancther.

The striking features of the spectra are the growth in intensity of
the broad band in the region 360-380 cm_l and broadening of the band at
630 cm'l as n is increased. These broad bands have counterparts in the
spectrum of SrTiO3 (see Figures 78 and 80). The observed spectrum in
SrTiO3 was interpreted as second-order in terms of phonon energies near
the Brillouin zone boundaryl33 (see Section 5.7). It is seen from Figures
78 and 80 that the broad band in the region 250-380 crn_1 is stronger in
intensity than the band at 680 cm_l. Therefore, the behavior of the bands
in the region 360-380 cm_l and 630 cm_l in the Ruddlesden-Popper phases
as n is increased signifies that more second-order scattering from indi-
vidual SrTiO3 blocks become more predominant. The weak bands at 1030 and
1600 cm-l found in Figure 83 are due to second-order scattering as ob-
served in SrTi0,. In addition to general features found in the spectra

3

for the Ruddlesden-Popper phases and SrTiO3, there are additional bands

at =185 and 485 cm_l even in the spectrum for Sr7Ti6O The Raman spectra

19°
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show the additional bands along with the second-order broad bands for all
the compounds investigated in this work (Table XL and Figure 83). This

suggests the existence of the compounds in the series n SrTiO3’SrO with

n > 3.
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6. CONCLUSIONS

The compound LaXSr Ti0O, with x up to 40 at.7 was observed

The observed x-ray powder pattern corresponds to the cubic
perovskite structure and the plot of lattice constant a,

vs X indicates a Vegards law dependence within the experi-

2 .
These results indicate that Tofield and Scott's 6 conclusion

as to the absence of a significant range of solubility for

6.1 Solubility of Lanthanum in SrTiO3
a) 1-x V3
to be homogeneous by microscopic examination.
b)
mental error.
¢)
lanthanum in SrTiO3 is incorrect.
6.2

Self-Compensation in Lanthanum-Doped SrTiO4

a)

b)

Gravimectric measurements on lanthanum doped SrT103 have
shown that the reversible change of oxygen content, between
specified states of oxidation and reduction is proportional
to the dopant concentration.

These measurements indicate that the donor dopants are com-

pensated ionically by additional oxygen uptake in the oxi-

dized state.



¢)

d)

e)

The range of this reversible change in oxygen stoichiometry
is up to more than an order of magnitude larger than the
oxygen nonstoichiometry of the undoped SrTiO3.
The gravimetric measurements are explained by a model in-
volving shear structure in which the Sr0 formed in the
oxidized condition are accommodated in an ordered fashion
in the structure, in the way that Ruddlesden-Popper phases,
nSrTiOB'SrO are formed.

The gravimetric observation suggests a bridge between two
separate schools of thought on non-stoichiometry: The case
of random, point defects in which aliovalent cations are
incorporated into the host lattice without a change in
either structure or cation-anion ratio, and the case of
extended defect structures in which all cations retain
their normal oxidation states and the resulting change in
cation-anion ratio is accommodated by subtle structural

134-136
changes.

6.3 Flectrical Conductivity in SrTiOs

a)

The electrical conductivity of polycrystalline SrTiO3 has
been measured over the oxygen partial pressure range of

0 -22 ) °
10" to 10 atm in the temperature range of 800-1050°C.
The elec¢trical conductivity has been observed to be pro-

portional to the -1/6th power of the oxygen partial pressur

235.

e



b)

c)

d)

236.

in the oxygen pressure range 10_15 to 10_22 atm. Hence,

Equation {(99),

0 =1/2 0, +V "' + 2e' (99)
o} 2 o

describes nonstoichiometric disorder in SrTiO3 in the low
oxygen partial pressure range.

-15 . . .
For P02 > 10 atm the defect chemistry of SrT103 is
dominated by accidental acceptor impurities and their re-
lated oxygen vacancies. Because of the presence of un-

. " . . . -1/4
known acceptor impurities, a region in which a P02
dependence for the conductivity has been observed.

The conductivity changes from n—- to p-type as the P02
. -4 -

is increased beyond 10 = atm. The p-type conductivity
observed results from a stoichiometric excess of oxvgen

which occupies the impurity related oxygen vacancies

according to the reaction,

,e - .
\O +1/2 0 00 + 2h (108)

2

A stoichiometric excess of oxygen is achieved even while
not all the available oxygen sites are occupied.

The concentration of acceptor impurities in the undoped

SrTiO3 is estimated to be roughly 170 ppm (atomic). The
possible acceptor impurities are: Al, Fe, Mg, Cr or Ga

on titanium sites or alkali metals like Li, Na, or K on

strontium sites.



e)

£)
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The activation enthalpies for conduction in the three
distinct regions are calculated from the Arrhenius slopes
and are shown in Tables VII, VITI, and X. The ready
availability of impurity related oxygen vacancies result

in low enthalpy for the oxygen incorporation reaction in

the p-type region.

Grain boundaries have no significant effect on electronic
transport in the range of experimental conditions considered

here,

6.4 Electrical Conductivity in SrTi03 with (Sr/Ti) < 1

a)

b)

The electrical conductivity of strontium titanate with
St/Ti = 0.996 and 0.99 was found to be similar to that

obtained in SrTiO. with an ideal cationie ratio. The

3

observed data were proportional to the -1/6th power of

oxygen partial pressure for the P02 < 10_l5 atm, propor-

174 for the pressure range 10_8 - 10_15

+ -
atm, and proportional to Po2 1/4 for Po2 > 10 4 atm.

tional to Poz_

The absolute values of the conductivity did not change

significantly as the Sr/Ti ratio was changed for all the
three regions. These observations indicate that defects
related to the deviation from ideal cation/cation ratio

are associated in to neutral vacancy pairs (Vgr Vé').



c)

d)

In the p-type region the observed conductivity is due
to fractiocnal filling of the impurity related oxygen

vacancies,

V' + 1/2 0, 0 + 2h°
o} (o}

2

and the defects present due to the deviation from ideal
cationic ratios has no significant role in influencing
the observed conductivity,

The activation enthalpies estimated from the Arrhenius
slopes (Tables XVITI through XXII) were found to be close,
within the experimental error, tc be the values obtained

for SrTi0. with Sr/Ti = 1.

3

6.5 Electrical Conductivity in Donor-Doped SrTiO3

a)

b)

The electrical conductivity of SrTiO, doped with 0.1 - 2

3
at.7% lanthanum indicated two types of charge compensation
according to the oxygen partial pressure, namely electronic
and ionic.

. , . -16
Under highly reducing conditions (Po2 < 10 atm.) the
carrier concentration is fixed by the amount of donor
(La) added and hence the conductivity was found to be
independent of oxygen partial pressure. A plateau

region (electronic compensation) was found for the samples

with higher lanthanum contents (see Figures 51 to 55) at

238,

(108)



c)

temperatures 1000°C and above. These high temperature
regimes can probably be retained by quenching at room
temperature. Use of such a semiconductor in the studies
of photolysis of water should yield a well-defined elec-
trode.

For P02 > 10_16 atm, the observed conductivity varied as
-1/4th power of oxygen partial pressure. In this region,
the extra charge of lanthanum is compensated by doubly
ionized strontium vacancies (ionic compensation). The
additional strontium that results from the strontium

vacancies may combine with oxygen to form SrO layers which

can be built into the lattice in an ordered fashion.

6.6 Electrical Conductivity in Acceptor-Doped SrTiOq

a)

Electrical conductivity of SrFexTi _'O3 with x = 0.036,

1-x

0.1 and 0.5 at.% was found to be proportional to =-1/4th
power of Pp, in the n-type region and proportional to

+1/4 power of Po2 in the p-type region. Similar behavior

was observed in SrAl Iron existe in two

0.0037%0.997°%3"

+ +
possible valence states (Fe 2, Fe 3) and the charge neu-

trality condition under reducing conditions, assuming that

all the added iron is present as Fe+2 is,

[Fe!!,] = [V''] = constant

239.



240.

and in the range where iron is present predominantly as

+3 3 . ,
Fe 7, the charge neutrality condition is,

[Fel,}1 =2 [V "]

b) The added acceptor impurities partly compensate the oxygen
vacancies that are formed during reduction and decrease the
electron concentration. Hence, the observed conductivity
in the acceptor doped samples is less than that of the
undoped sample in the n-type region.

c¢) Since the concentration of the acceptor-related oxygen
vacancies in the deliberately doped samples is higher

than that in the undoped SrTiO,, more amount of oxygen

3
will occupy these vacancies in the acceptor doped samples.
This gives rise to observed higher electrical conductivity
values in the p-type region for the acceptor doped samples
as compared to undoped SrTiO3.
d) The activation enthalpies for conduction in the acceptor

(Fe, Al)-doped samples deduced from the Arrhenius slopes

are given in Tables XXVI, XXVIIT, XXXI and XXXII for both

the regions of conduction.

6.7 Raman Spectra of SrTiOjy

a) The room temperature Raman spectrum of SrTiO3 has been

interpreted in terms of second-order scattering processes



b)

c)
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taking place mainly at the Brilleuin zone boundary. In
agreement with the selection rules for the cubic perov-
skite structure, no first-order Raman spectra were

detected. The temperature-dependent Raman spectra of

SrTiO3 have been used to differentiate between possible
combination and summation processes and difference pro-
cesses which contribute to the multiphonon spectrum of

the cubic phase. Trom the observed energy shifts in the
room temperature spectrum, the single-phonon energies at

the zone boundary are deduced for the ten difierent phonon
branches used for the peak assignments.

The new lines which appear at 16, 26, 146, 236 and 450 cm_l
in the spectra taken below 120 K are atrtributed to the first-
order modes allowed by symmetry in the tetragonal structure.
A new impurity related peak at 793 cm—l is reported in addi-
tion to cother impurity induced peaks at 172 and 561 cm_l
observed by earlier investigators. Anr impurity induced band
corresponding tc the ferroelectric soft mode is observed at
46 cm_l (100 X). The deduced zone-center phonen frequencies
in the tetragonal phase is compared with the resulrs of
neutron Scattering, infrared absorption, and electric field
induced Raman scattering experiments.

All the main bands observed in the single crystal SrTiO3

are present in the Raman powder spectrum. All the energy

shifts reported in this work are compared with the available



6.

8

data obtained from single crystals. There is excellent
agreement betrween the data obtained in this experiment
using powder samples and the results from single crystal,.
Although there is no alternative tec the wealth of infor-
mation that can be obtained by single-crystal studies,

in some systems much of the same information can be
realized from the powder method as exemplified by the
cubic and tetragonal phase of SrTiO

3"

Ruddlesden-Popper (nSrTi03'Sr0) Phases

a) Single-phase material of composition SraTi3010 was ob-

tained by heating the samples obtained by the liguid mix
technique to 800°C for about 10 hours,

b) The lattice constant increases along the c-axis for the
compounds SrzTiOA, Sr3T1207 and Sr4T13OlO' The lattice
constant along the a-axis 1s essentially the same (=3.90A)
for all compounds.

c) For compounds with n > 3, no evidence of the presence of
second phase is seen. This suggests the existence of homo-
geneous, single phase materials of compositions with n > 3,

d) TFactor-group analysis made for nSrTiO, Sr0O up to n = 25

3

did not give a simple band multiplicity even though the

17
space group DAh

SrTiO3 blocks,

(14/mmm) was preserved by stacking the



e)

)

For both even and odd values of n, the number of Raman
active modes increases by ten for each increase in the
value of n. This is because the number of strontium,
titanium and oxygen atoms entering into correct site
symmetries to give Raman active modes increased in an
ordered fashion.

Not all the predicted Raman active modes were observed
in the spectra for compounds up ton = 6, and this may
be due to poor coupling of the vibrations between the
individual segments in the enlarged unit cell obtained

by stacking different number of SrTiO3 blocks.

243,



a)

b)

c)
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7. RECOMMENDATIONS FOR FUTURE WORK

It is suggested that the donor-dopants in the system SrTiO3 are
compensated in the ionic compensation region by the formation of
Sr0 which is built in the structure in an ordered fashion. This
suggesrted model could be tested experimentally by lattice image
techniques, using high resolution electron microscope. Lattice
images are formed by the interference of the direct and the
diffracted beams. The accommodation of SrO layer in the ordered
fashion in lanthanum doped SrTi03 samples should also be studied
by Raman spectral measurements.

The structures (see Figure 82) of the higher members of the series

nSrTi0, SrO are proposed as the stacking of the different numbers

3
of cubic SrTiO3 blocks between the SrO layers. The existences of
these compounds can also be studied by the lattice image techmique.
The compounds Sr, TiO and Sr.,Ti,0., have been studied by Tilley137

2 4° 377277

using the above mentioned technique. He was not able to prepare
single phase compound of either Sr4Ti3010 or any other members

(with n > 2) in the series nSrTiO3'SrO using the solid state reaction
sample preparation techniques.

It is assumed that the added lanthanum substitutes for strontium
atoms in the lattice because of its close size factor. A change

in cation site occupied by lanthanum dopant, i.e., part of lanthanum

going into titanium site and acting as acceptor, is discounted be-

cause of the unlikely possibility of the creation of titanium vacan-



d)
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cies in the perovskite structure that are required to compensate
. v . +4
donor-dopants like tantalum and niobium substituted for Ti . The

electron spin resonance (EPR) experiment in the reduced SrTiO3

+
containing La 3 should be performed to test the validity of our
assumption.

In a structural analog BaTiO EPR measurements have revealed

3)
is an F-center, i.e., a

. 43,
single electron trapped at an oxvgen vacancy, and not a Ti ion

. , 138 . . . .
as observed in reduced TiO.. An introduction of trivalent ions

2

into Ti+4 sites will also form F-centers in reduced BaTiO3. Takeda

that the paramagnetic center in BaTiO3

10 . . . .
and Watanabe > examined EPR measurements in reduced BaTiO. ceramic

3

s +3 . :
samples containing La ions. For a certain value of the Ba/Ti
ratio, which is larger than unity, a characteristic F-center signal

was observed. This observation means that some fraction of doped

+3

rare earth ions act certainly as acceptors and this means that La
, . I
ions will be at Ti sites.

Therefore, a similar EPR measurement on reduced SrTiO, containing

3

+3 . . , .
La 7 will help one to find out whether added lanthanum is going to
titanium sites in addition to strontium sites.
The composition of strontium titanate at 1 atm of oxygen partial

pressure is taken as SrTiO even though it is expected to be of the

35
form SrTiO3_6 (8<<1). The electrical conductivity measurements ip

the undoped SrTi0, showed three different regions where the conduc-

3
tivicy varied as -1/6, -1/4 and +1/4th power of P02. The -1/4th and

1/4th behavior are attributed to the presence of acceptor impurities.
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If one had ideally pure material, then the conductivity should be

of n-type for the entire P02 range with -~1/6th dependence on PO,

if the true composition is SrTioS—é even at 1 atm oxygeén pressure.
The oxygen vacancies will be doubly ionized to give this Poz depen~
dence. In ideally pure strontium titanate, one can obtain the value
of 6 by measuring the weight of the sample at various P02 values

1/6

at several temperatures. The plot of the weight vs POQ— should

be a straight line (because the electrical conductivity varies as

-1/6

P02

) and the intercept of each isotherm of the plot will give
the weight (WO) if it were stoichiometric. From the weight WO and

w, the weight at 1 atm oxygen pressure, one can calculate the amount

of oxygen vacancies and hence the value of ¢.
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APPENDIX I(a).

Factor-Group Analyses for the Cubic SrTi0O3 by the Correlation Method

First, we shall ocutline some practical rules for the use of the
simple correlation method to derive the vibrational selection rules for
crystals. We have chosen not to review the theory of the correlation
procedure but to proceed directly to a demonstration of its use, and that

of the correlation tables, to obtain the vibrational selection rules.

a. Crystal Structure: The crystal structure of the sample must be

known. Alternatively a structure can be assumed and predictions made for
the vibrations, which can then be compared with observations to prove or
disprove the assumed structure. It is far better, however, to know the
structure in advance.

Crystallographic information may be obtained from references 139 and

140,

b. Molecules per Bravais Space Cell: The Bravais cell is used by

molecular spectroscopists to obtain the irreducible representation for the
lattice vibrations. The crystallographic unit cell may be identical with
the Bravais cell or it may be larger by some simple multiple. This can

be ascertained from the capital letter in the x-ray symbol for the cryvstal
structure. For all crystal structures designated by a symbol containing

P (for primitive) the crystallographic unit cell and the Bravais unit cell
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are identical (an example is Pm3m for SrTiO3). Crystal structure desig-
nated by other capital letters (B, C, I, etc.) have crystallographic unit
cells that contain two, three, or four Bravais cells. The irreducible
representations obtained from these crystallographic unit cells will
contain two, three, or four times as many vibrations as are needed to
represent the lattice vibrations of the crystal. This problem of inclu-
ding too many Bravais cells in the crystallographic cell can be eliminated
by dividing the number of molecules per unit crystallographic cell by a
small integer which is identical to the number of lattice points (LP) in
a crystallographic cell of specific symmetry, as designated by the capital
letter in its symbol.

In summary,

Number of molecules in crystallo-

number of molecules _ Z _ graphic unit cell B
in the Bravais cell (LP) Number of lattice points

¢. Site symmetry of each atom in the Bravais cell: The equilibrium

position of each atom lies on a site that has its own symmetry. This
site symmetry, a subgroup of the full symmetry of the Bravais unit cell
must be ascertained correctly for each atom. It 1s easy to do so in some
cases, difficult in others.

From the number of molecules, and hence the number of atoms in a
Bravais cell, one can find out the number of equilivalent atoms of each
kind of atom that constitutes the molecule under consideration. Next we
turn to the table in the International Tables giving all possible site

symmetries for the space group of the molecule under investigation. As
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4 )
an example, for the space group 0h (e.g., Cu20) the site symmetries are

written as Td(Z), 2 (4), 6), ... They represent all the possible

P4 Dygl

kinds of site for an Oﬁ crystal, but most of them will not be occupied
in a specific crystal.

The most useful information is the number contained in parentheses,
for it represents the number of equivalent atoms which have that parti-
cular site symmetry; for example, Td(2) indicates that there are two

equivalent atoms occupyving sites of symmetry T similarly, D3d(4) indi-

d;

cates the presence of four equivalent atoms on D sites.

3d
Some of the site symmetries have numerical coefficients, such as
2D3d(4). The coefficient 2 indicates the presence of two different and

distinct kinds of D3d sites in the unit cell. Each can accommodate four
equivalent atoms. 1In a2 given crystal there may be atoms on one or both
sites or on neither. Now we have to find out the site symmetries of each
kind of atoms in the crystal. This is done by matching the number of
equivalent atoms of one kind and a site symmetry that can accommodate that
many equivalent atoms. When selecting the site symmetry, we must always

have the number of equivalent atoms equal to the accommodational value of

the site symmetry.

d. Correlation of the site group to the Factor group: Once the

site symmetry for each atom in the lattice is found, then the symmetry
species are identified for each equivalent set of atom displacements in
the site. The displacements we describe will become the lattice vibra-

tions in the crystal. These site species for the displacements are re-
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lated to the species of the factor group using the correlation tables.
This correlation explicitly identifies the species of the lattice vibra-
tion in the crystal and further allows the predictions of infrared or
Raman activity.

Now we identify the lattice modes in SrTiO, by obtaining the irredu-

3

cible representation that contains the number and species of the lattice
vibrations.

SrTiO3 is cubic at room temperature and has the space group Pm3m

1

. B
h). There is only one molecular formula unit in a Bravais cell (Z7=1).

(0
There are, therefore, one equivalent strontium atom, one equivalent ti-
tanium atom and three equivalent oxygen atoms in the Bravais cell. The
space group Pm3nm (Oﬁ) contains the following sire symmetries: 20h(1);
2 ;2
Cév(6)’ D 3v

that the strontium and titanium atom should be in Ob sites and the three

(3); C. (8); 3C2v(l2); 3Cs(24); Cl(48). From this we see

4h

oxygen atoms ave in the th sites. Each set of equivalent atoms is

treated separately.

Strontium atom

The vibrational displacements of the strontium atoms in the lattice
can be described as simple motions parallel to the x, y, or z-axis. The
displacement of strontium atoms in x-direction will have the same charac-

ter of the x-displacewent vector in the point group Oh (i.e., transla-

bl

tional vector in the x-direction in Oh). A complete character table for

the point group O, is given in Table XLI. From this table we see that the

h



A COMPLETE CHARACTER TABLE FOR THE POINT GROUP O

Tahble XLT.

h’

0, | £ 8, 3C, 6C, 6C; i 85, 3¢, 65, 6q,

Al | 1 ] 11 1t | 1] 1 @y, + &, + a,,

A | 1 1 1 =1 =1 1 1 1 —1 -1

E, |2 -1 2 0 0 2 =3 2 0 0 (Cgy + &,y — 2at,,,
Lgp — Uy

,13 0 -1 1 -1 3 0 —I 1 —1 (R, R,, R,)

T, | 3 0 —1 —1 1 3 0 =1 —1 1 Beys Carr %y,

A | ! I 1 1 =1 -1 =1 =1 =1

Ay, |1 1 P =1 =1 =1 =1 =1 1 1

E., |2 -1 2 o 0 -2 1 =2 0 0

T. 13 0 —1 1 -1 =3 0 1 =4 i (T T,y T

L. | 3 0 —1 -1 1 -3 0 1 1 —1

092



261.

translation Ty belongs to the species T u of the site group. Similarly,

1
the displacements of strontium atoms along the y- and z-axis will have
the same character as Ty and Tz and wil]l belong to species Tlu‘ It is
important to note that this approach, which classifies the lattice vibra-
tions as excursions 1n x, y, and z directions, is no different from the
descriptions used for the molecular vibrations such as bond stretching,
bending, and twisting.

When the species of the site group is identified for each excursion
of an equivalent set of atoms, this information is integrated via the
correlation tables to the species of the crystal that contain this lat-
tice vibratrion. To begin this correlation procedure, Table XLII lists
the 0h site species of the translations Tx‘ Ty, and Tz. Since the
lattice vibrations have the same character as the translations, the
species that contain these vibrations can readily be identified and this

information is presented in Table XLII. Before applying the correlations

of site to factor group we define some useful terms:

t' = Number of translations in a site species Yy, This number

can take the value of zero, one, two, or three, depending
on whether none, one, two, or three tranmslations are con-

tained in the site species vy, respectively.

£Y = Degree of vibrational freedom present in each site species

y for an equivalent set of atoms, ions, or molecules.

tY n=f"nt number of atoms in an equivalent set.
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Table XLII.

SPECIES OF THE SITE GROUP Oh AND THE TRANSLATIONS

0, Site of
Sr Atom Trancslation Sr Atoms
Species Species Excursion

T T Motions Parallel to
X, v, & z axes
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a = Degree of freedom contributed bv each site species vy

to a factor group species Z.

v
f'=a ¥ ¢
y ¢ ¢
C€ = The degeneracy of the species I of the factor group
aé = Number of lactice vibrarions of the equivalent set of

atoms in species ¢ of factor group [= ZY aY]

The above definitions are utilized in listing the degrees of vibra-
tional freedom for each species of the site group Oh for equivalent set
of strontium atom (see Table XLIII). Table XLIII indicates the presence
of strontium lattice vibrations designated as degrees of freedom in
species of the site

species T The next step is to correlate the T

1u” 1u

group Oh to the Oh factor group species. In this particular case, it is
simple because the site group and the factor group are the same. Table
XLIV shows this correlation and identifies the species of the lattice
vibration in the crystal.

The strontium atoms' irreducible representation for the factor group

is obtained using the following equation:

Therefore, the species of the factor group that contains lattice vibration
involving the strontium atom can be written as the following irreducible

representaticen T .
P Sr
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Table XLITI.

Sr ATOMS ON SITE Oh——THE DEGREES OF VIBRATIONAL FREEDOM
FOR EACH SPECIES (n = 1 ATOM/EQUIVALENT SET)

Degree of Vibrational

Freedom
Oh Species Translation e £Y =n - tY

Alg 0 0
A28 0 0
E 0 0

g
T1g 0 0
ng 0 0
Alu 0 0
A2U 0 0
E 0 0

u
Tlu T(x,y,z) 3 3
T 0 0




Table XLIV.

THE CORRELATION FOR THE LATTICE VIBRATIONS OF THE
STRONTIUM ATOMS IN SrTiQ., CRYSTAL BETWEEN THE

3
SITE GROUP Oh AND FACTOR GROUP Oh
0, Factor
¥ O, Site Group
f e¥ Species v Correlation Specles CC =
'Y
3 3 T]u » T1Ll 3

‘69z
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Titanium atom

By following the same procedure we can obtain the irreducible repre-
sentation TTi for the equivalent set of titanium atoms. A summary of

the necessary information is given in Table XLV,

Ti T T

Ti " 1u 1lu

Correlation Table for the Point Group D, to 0O,

The three equivalent oxygen atoms occupy the D4h sites in SrTiOB.

In order to determine the lattice vibrations of the oxygen atoms we need
to have a correlation table between the point groups DAh and Oh' We are

outlining a method to obtain the correlation table in a simple sjituationm

like C3v to D3h point group. First, we write the point group C3v

Operations
Cy, E 2C,(z) 3o,
A, 1 1
A, 1 1 —
E 2 —1

We note that C is a subgroup of D

3y This property is easily recognized,

3h°

for we see that D contains the same symmetry operations as C

3h l.e.,

3v’

E, 2C3(z), 30V plus additional operations O 253, and 3C2. To obtain the



Table XLV,

TABULATIONS OF THE TERMS AND CORRELATIONS NECESSARY TO CALCULATE THE LATTICE

VIBRATTONS OF THE TITANIUM ATOM TN SrTi0,.

3
O, Site Symmetry
¥ Specles Containing 0), Factor
ad r Translation Correlation Group Species CC
. —_—— T
3 3 rllu 4 Tu 3

TL9¢
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that correlate with the species of D3h we need only to

compare the character of the operations common to both point groups D3h

and C3v,

write the partial character table of D3h’

common to both C3v and D3h:

which in this case are E, 263(2),

and 3Gv. To do this we simply

including only the cperations

Operation
Species of the -

Dy, point group E 2C,(2)

Species of the
3a, Cy, point group

A£ 1 1 1 4,

g T S

A%‘ 1 1 1 Ay

- 2 O o) £
Character of the operaton
E 2C,(2) 30,

Point group Dy, : species Ay \ 1 1

Point group C,,: species 4,

1 1

Therefore the correlation is v 4, to P» 4.

Character of the opcration

E

2C,(z) 3a,

Point group Dy, species 4] 1
Point group C,,: species 4,

The correlation is €r4, to P2 A4~

1 -1
1 —~1
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The other correlations found are summarized below:

'DOA Clc 'Dlh Clc
A A A A,
Al 4, E E
A A4, E* E

By following the similar procedure, correlation is obtained between

the point groups D4h and Oh' This correlation is given in Table XLV,

Oxygen Atoms

Table XLVII gives the necessary information to obtain the lattice

vibrations of the oxygen atoms in SrTiO3.

1.0
The total representation of the crystal, YsrTl 3, is the sum of the

individual irreducible representation for each set of equivalent atoms,
or

rSrT103 - T £7 47

1]
—
+
p—]
+
N
—
4
s

1lu 1v 1u 2u
4T + T

The acoustical vibrations are included in the irreducible representation
given above. Of the 3N degrees of vibrational freedom, three of these

vibrations are acoustical modes. When we consider only these vibrations
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Table XLVI.

CORRELATION TABLE BETWEEN POINT GROUPS DAh AND Oh

% Pin
A ALy
A2g Blg

Eg Alg + Blg
Tlg A2g + Eg
T2g B2g + Eg
Alu Alu
A2u Blu

Eu Alu * Blu
Tlu A2u * Eu
T B + E

2u 2u u
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Table XLVII.

n = 3 atoms/equivalent set

TABULATIONS OF TERMS AND CORRELATIONS NECESSARY
TO CALCULATE THE LATTICE VIBRATIONS OF THE
OXYGEN ATOMS IN SrTiO. CRYSTAL

3
Dsn SITE SYMMETRY On FACTOR a =% 8
Y y SPECIES CONTAINING GROUP -, s
£ t TRANSLATION CORRELATION SPECIES Sy PO
3 l(Tz) A2u Alg 1 O =0+¢C
6 2(T ., E, Azg 1 0= 0+0
Eg 2 0=0+0
Tig 3 0 =0+ 0
T2g 3 0 =0+20
Alu 1 0= 0+0
Ay, 1 0 = 0=0
E, 2 0=20+0
Ty 3 2 =1+ 1
4 Ty 3 1 =0+ 1
roxy = Z(ac - I



272,

at the center of the Brillouin zone, i.e., K =™ 0, the three acoustical
vibrations have near zero frequency. Since vibrations with near zero
frequency are of no physical interest in the vibrational spectrum of a
solid, these acoustical vibrations can be subtracted from the irreducible

representation.

5§E103 _ rSrT103 _ racoust1ca1

The acoustical modes are readily identifiable in factor groups, since
they have the same character as the translation. The irreducible repre-

sentation of the acoustical vibrations

I.acoustical =T
lu
SrTioO
= +
rvib 3 3Tlu T2u

The activity of each mode is determined from the characrer table for
the group Oh' The modes having Raman polarizability tensor are active
in Raman scattering. In order to be active in infrared absorption a mode
should have a translation vector in its irreducible representation. One

vibration, T, , will be inactive in both the infrared and Raman spectrum.

2u

The Ilu modes are active only in the infrared and forbidden in Raman.

Hence, none of the first order modes are allowed in the cubic SrTiO3.



273.

APPENDIX I(b).

Since SrTi0, has already been treated by the correlation method, it

3

would be worthwhile to repeat this calculation, using the method proposed
by Bhagavantam and Venkatarayudu,ll9 to determine (a) whether both
methods give the same result, and (b) to demonstrate the simplicity of
the correlation method. Only a simple outline of the Bhagavantam and
Venkatarayudu method is given in this Appendix. For more detailed des-

cription of this method the reader is referred to the reference 119.

I. The irreducible representation for SrTiO3 is obtained as follows:

By definition wg = the number of atoms left invariantunder
operation R

%, = the character of the operation R, ob-

tained in the following manner

1o = wr{+] + 2 cos §)

The angle 6 is defined as follows:

(a}) where £ is a proper rotation, § = 0°;

360

(b)  (+) used for proper rotations, C,, § =

. 360
(¢) (=) used for improper rotations, S,, 6 = F
(d) @, is an improper rotation with 6 = 0°;

(¢) 1is an improper rotation with § = 180°.
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Next, each operation is considered in obtaining w_ and Xp' First
the crystal structure with atoms in the position of the unit cell shown
in Figure 84 must be considered. This same unit cell is used throughout
this Appendix.

In the unit cell of this crystal structure (see Figure 84)

e = titanium atom
= oxygen atom

Sr = strontjum

"
\—

@)
O~
O

Figure 84. THE CRYSTALLOGRAPHIC UNIT CELL OF SrTiO3.

Note: (a) Each Ti is shared by 8 Sr; (b) there are 12 oxvgen around 1 Sr.

To check:

Alom
Ti-8 per cell, each contributing § to the unit cell:

8xi=1Ti

oxy-12 atoms, each oxy contributed } to unit cell;

12x$=30
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Sr-1 atom in middle of cell

1 Sr atom per unit cell =1 Sr

Total wgyg = SrTi0, for Z = 1.

A. E Operauon: Character and number of atoms invariant
under E operations can be found as follows:

All the atoms remained unchanged: ., wp =135 (ie.,
18r 4+ 1Ti+ 3oxy), 7, =5(+1 +2c0os0°) =5-3=
15.

B. C, Operation: The illustration that follows shows some of
the C, elements of symmetry in the unit cell. The list that
accompanies it is a tabulation of the number of atoms left
invariant under all the C, operations and the irreducible
representation y,.

Comment

There are 7 C3's passing through this unit (Figure 85):
all are parallel to one another (note that this is not the
8 C3 operation that appear in the character rable, but only
one of these eight operarions).

¢ 2c
3 3
AN
7 7
/ /
‘C] / /
Jay / ., A /
/ /
/ /

[N

~
®.
w
o)

D

Figure 85. A C, OPERATION IN SrTi0;.



Operation Number of atoms invariant, wp
16 18r+2-3T

'Cs t T

3Cy tTi

L{ON : 1 Ti

5Cy $Ti

'Cy tTi

'Cy 1T

Total atoms 1 Sr + 1 Ti

Jwg=2

However, for all C; operations 1 + 2 cos 6 (where § = 120) =
0, where 6 = 120°.

wr(l + 2cos§) =0

C. Since this example illustrates the procedure
followed on each symmetyy operation, only the
essentials are presented in the discussion for

obtaining the MR and y for each operation.
P
(see Figure 86).
4

c N
N N

Figure 86. THE C2 OPERATION IN SrTiO3.
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Operation Number of atoms invariant, wg
1C, I Sc + 2- }oxy

C, { oxy

*C, toxy

‘«C, 2-4Ti

5C, t+Ti

'’ 1 Ti

C, 1 Ti

'C, 2:3Ti

°C, 1 Ti

Total atoms = 1 Sr+ loxy 4+ 1 Th

sz = 3
-
f‘ ‘C‘ ?(("4 '
b |
I~ '
‘c, L
| > |
( ) (
{ ~ )
e I
: Q
1
e
!
i
~
v N
Figure 87. THE C4 OPERATION 1IN SrTi03.
Operation @g
C, } Sr
¢ 2:-3Ti+ §oxy
3Ce 2:34Ti+ oxy ,
«, 2.} Ti+ §oxy (see Figure 87)
*C, 2-3Ti+ §oxy

Swp=18r+1Ti+10 =3
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Figure 88. THE C2' OPERATION IN SrTiO

3
Operation Wy

1Cy 1 Sr

1 2-3Ti + Joxy ‘

’CZ 2« }oxy (see Figure 88)
' 2§ Ti+ }oxy

5Cz 2} oxy

', 2-3Ti+ §oxy

G 2 -} oxy

', 2-§4Ti+ §oxy

°Ce 2 - } oxy

Swp=8r+Ti+30xy=35
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Rellection planes
A

Figure 89. THE SA OPERATION (IMPROPER) IN SrTiO3.

F. i-operation

There is a center of symmetry at every atom in the
unit; therefore all the atoms remain invariant under

one of the many i-inversion operations, i.e., 1 Sr +
! Ti + 3oxy, for 3 wy = 5.

G. Comment

The S4 operation vields the same result as

the CA operation, even though there is the

additional reflection. If we note that there

are three reflection planes in the unit cell
and 21l the atoms lie on one of these refle-
ction planes and the 54 axis, we find w_3

(see Figure 89).
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Figure 90. THE 86 OPERATION.

H. Operation g
15, 18Sr+2-34Ti
A tTi
S, 1 Ti
S\ i Ti
85, 1 Ti
S, ‘ $ Ti
15, t Ti

EQ)R:Q

(see Figure 90)

280.
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Q

3
o

Figure 91. THE o OPERATION,

1. All atoms are invariant under o,: (see Figure 91)
Swg=>3
J. Operation “r  (see Figure 92)
g, 2-3Ti+ {oxy
o, 4:3Ti+ 2-$oxy + Sr
Yo, 2-34Ti+ toxy
ZOJR=3

Figure 92. THE o

d OPERATION IN SrTi03.
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The results can be summarized in tabular form:

Class

(O, factor group) wpr 1P,
E 5 13
8C, 2 0
6C, 3 -3
6C, 3 3
3¢ 5 -5
: 5 —15
635, 3 -3
8 S, 2 0
3o, 5 5
6o, 3 3

1I. Calculation of the number of modes in each of the species.
n'” = number of modes in each species,
g = order of the group, g = 3 ¢,
g = nuomber of elements in each class
27" = the character for the class § and irreducible
representation I,

4p = character of the irreducible representation, derived
" and tabulated above

1
' =~ e e,
£ ¢

Example of its use:

1. 4, Species

0, E BC, 6C; 6C, 3C; i 6S, 85 30, 6o,
Proe 11 1 1 T T 1
7., =15 0 -3 3 3 _35 -3 0 S 3
(o= 18 6 6 3 1 6 8 3 6

A, .
20 e B _y5 40— 18 418 — 15 — 15 ~ 18 + 0
g=48 +15+18=0
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Therefore there are no lattice vibrations in A4,, species.
2. T,, species

E 8C, 6C, 6C, 3C; i 65, 85, 30, 6o,

foem= 30 -1 1 =1 =3 -1 1 o
Ly =150 =3 3 -3 —15 ~3 s 3
(. =18 6 6 31 1 6 B 3 6

E.z._zl.a'g.=45 +0+ 18 +18+15+45+18 +0
= +15 +18 =4

Therefore there are 41, irreducible representations.

3. T,. species

=30 I -1 -1 =3 1 0 T -

¥, =150 -3 3 -5 35 _3 ¢ 5 3

f, =) 8 6 6 3 1 6 8 3 6

ZIZIZD' 1 N "
ﬁ=45+0—18—18+15+45—18+0
+ 15 —-18 =1

Therefore there is 1T,, irreducible representation.

4. All the other species of O, give 2ero irreducible repre-
sentations.
5. Summary :

Pcvyl( —_ 41\“‘ + Th.
:r‘ybn = r\crru _ Fncouu —_ 4'2\; +T 0w — Tlu
“n;t = 3I.|u + T,

This checks the result in the Appendix I (a).
It is now easy to compare the two methods to
establish that the correlation method takes
only minutes, whereas this procedure involves

much more time.
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APPENDIX II.

In this Appendix, we outline the factor group analysis for the com-
pound SrzTiO4 having the space group Di; (14/mmm) by the correlation
method.

The crystallographic unit cell contains two molecular formula units
(2 = 2) and, hence, the Bravais cell contains one formula unit of
SrzTiO4 since the space group is I4/mmm (Di;) [LP=2), It is important
to realize that in a crystal the observed fundamentals arise from iden-
tical movements within every Bravais unit cell in the crystal. Thus,
in the factor group analysis only one Bravais cell is to be considered.
Since there are seven atoms in a cell, the total number of degrees of
freedom is 21. There are two equivalent strontium atoms, one titanium
atom and four oxygen atoms in the primitive cell. To consider the site
symmetries of each set of atoms, it is enough to consider the laver marked
by the bracket in Figure 93. From this, we can assign that strontium
atoms lie on sites of C symmetry, titanium on D site and two oxygens

4y 4h

(Ti-plane) on D,, and the other two oxygens (Sr-plane) on sites of C,

2h v

Symmetry.

The symmetry species are now identified for each equivalent set of
atom displacements in the site. Each set of equivalent atoms is treated
separately and the vibrational modes of the crystal are obtained by sum-

ming up the individual sets.
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Figure 93. STRUCTURE OF SIZTiOA'
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Strontium atoms:

First, the vibrational displacements of the strontium atoms in the
lattice can be described as simple motions parallel to the x, y, and z
axis as we did for the Sr atom in SrTiO3‘

The translation TZ belengs to the species A1 of the site group cAv'
Therefore, the atom displacements parallel to the z-axis will also belong
to the A1 species. Similarly, the displacements of strontium atoms along
the x-axis will have the same chayracter as Tx and will belong to species
E. Now to begin the correlation procedure, Table XLVIII lists a portion
of the C

4y site group and identifies the species of the transitions TX,

T , and T_.
y z

Table XLVIIT.
SPECIES OF THE SITE GROUP CAV AND THE TRANSLATIONS

C site of

4y
strontium atom Translation Sr atom
species Specles Excursion

Al Tz Motions parallel to z-axis
i)

Bl )

B,

E 'Ix v Motions parallel to x and

y axis.
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Utilizing the definition given in Appendix I(a), we list in Table
XLIX the degrees of vibrational freedom for each species of the site
group 04v for the equivalent set of strontium atoms. Table L indicates
the presence of the strontium lattice vibrations designated as degrees
of freedom in species Al and E. The next step is to correlate the A

1
and E species of the site group (:4V to the Dah factor group species.

Table XLIX.

4v
FOR EACH SPECIES (n = 2)

STRONTIUM ATOMS ON SITE C, . THE DEGREES OF VIBRATIONAL FREEDOM

C[W species Translation € Degree of vibrational freedow
Y = net?
Al TZ 1 2
A2 0 0
B1 0 0
B2 0 0
E T s Ty 2 4




288,

Table 1L,
THE CORRELATION FOR THE LATTICE VIBRATIONS OF THE STRONTIUM ATOXS

IN Sr2T104 CRYSTAL BETWEEN THE SITE GROUP va AND FACTOR GROUP th

C4V site Déh factor
" £ species vy correlation group specles, i c; ac
B
> A 1
A2u 1 1
4 E (T ,T E 2 1
E 2 1
u

Since only the site species A, and E contain translations which are

1
like the lattice vibraticns in the crvstal, the correlations relating
these species to those in this factor group are of immediate interest.
By integrating the site species which contain the translations into the
factor group by use of the correlation tables it is easy to identify these
lattice vibrations in the factor group species. Table L shows this cor-
relation and identifies the species of the lattice vibration in the crys-
tal.

The strontium atom's irreducible representation for the factor group

is obtainable with the eguation
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Therefore, the species of the factor group that contains lattice vibra-
tion involving the strontium atom can be written as the following ir-

reducible representation PS
r

Te. =1 A +1° : :
e T 1At 41T E 41 E

Titanium atom

By following the same procedure we can obtain the irreducible repre-
sentation PTi for the titanium atom. A summary of necessary information

is given in Table LI.

Table LI

TABULATIONS OF TERMS AND CORRELATIONS NECESSARY TO CALCULATE THE

LATTICE VIBRATIONS OF THE TITANIUM ATOM IN SrZTiOA‘ (n=1)
DAh site correlation _ Dbh factor group
tY £ species species, [ CC a;
1 1 A2u (Tz) - e AZu 1 1
2 2 E (T ,T.) - E 2 1
u  x''y , u

A + E

Therefore, rTi = Ay U
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Oxygen atoms

We have one equivalent set of oxygen atoms on D2h site and another
equivalent set on CAv site. Table LIT (a,b) gives the necessary infor-

mation to obtain the irreducible representation TO for the two different

site symmetries.

Table LIT (a).

TABULATION OF TERMS AND CORRELATIONS NECESSARY TO CALCULATE THE LATTICE

VIBRATIONS OF THE OXYGEN ATOMS ON D SITE IN Sr.TiO

2h 2 4
(n = 2)
D2h sice correlation DAh factor group
tY £ species species, ( c; aC
1 2 Blu (Tz) “*-—_-“_‘_--—‘~‘-‘-_ A2u ! 1
B2U 1 1
1 2 B2 (T ) —
“ Y —%= £ 2 2
1 2 B, (T) u
3u
To [D21_| site] = Ayt Byt 2 E,
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Table LIT (b).

TABULATION OF TERMS AND CORRELATIONS NECESSARY TO CALCULATE THE LATTICE

VIBRATIONS OF THE OXYGEN ATOMS ON C SITE IN Sr,TiO

4v 2 4
(n = 2)
CAV site correlation - Déh factor group
a £ species species, [ < 2,
- A 1 1
1
1 2 Ay (T) &
\A 1 1
2u
2 4 r@uTyE—T &
y E 2 1
u
TO [CAv site] = Al + A2u +E +E
. , Sr.Ti0
The total representation of the Sr.TiO T2 4 can be calculated

2 4?

by summing the irreducible representation for each type of atom in

Sr,Ti0,,

f= T HIpy + 7,

4A + 5E + 2A + 2E + B
u 1g g

2u 2u

This accounts for 21 degrees of freedom for SrzTiOA. The acoustical

. . . . S i .
vibrations are included in the irreducible representation, T r2T104 given
above. By subtracting the acoustical modes, one obtains the internal

vibrational modes as shown on the next page.
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Sr2T104 Sr2T104 acoustic

vib =T - T

The irreducible representation of the acoustical vibrations in the point

group DA is readily obtained from the character table for the point

h
group D&h’ and is shown as,
1‘acoust::‘u: _ A2u + EU
SrZTiO4
and - Fvib = 3A2u + AEU + 2Alg + 2Eg + B2u

The four fundamental Raman active lattice wvibrations allowed by selection

rule are, two A and two doubly degenerate Eg modes. Seven fundamental

lg

lattice vibrations are allowed in the infrared absorption spectrum. They

are three A, and four doubly degenerate EU modes. One vibration, B

2u 2u’

will be inactive in both infrared and Raman spectrum. Also, there are
no coincidences, i.e., the same vibration mode which is active and obser-

vable by both Raman effect and in the infrared absorption spectrum.
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