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CHAPTER I
INTRODUCTION
Background Information

Rutile (titanium dioxide) is a transition metal oxide characterized
by a high melting point and a pale yellow appearance. On the basis of
the electronic configuration of titanium (3d2492), simple band theory
suggests rutile should be a conductor due to the unfilled d-shells.
Stoichiometric rutile is an insulator, however, and it is unclear wheth-
er the 3d cation wavefunctions overlap forming a conduction band or are
non-interacting. To the extent that conduction is due to 3d electrons
one would expect a low mobility characteristic of 3d conduction.

It has been known for many years that nonstoichiometric rutile
having an anion deficiency is an n-type semiconductorl. Because of the
experimental difficulties encountered in making measurements on the high
resistivity stoichiometric composition, most studies relate to nonstoi-
chiometric material. This state can be achieved by heating the rutile
in a hydrogen atmosphere, a vacuum, or a titanium atmosphere. The re-
sult of any one of these methods is an anion-deficient composition which
behaves like an n-type semiconductor. The reduction of a sample in this
manner provides a system which is comparatively easy to study experi-
mentally, with the physical properties strongly dependent upon the time,

temperature and nature of the reduction process.

Many studies have been made of the electrical and optical proper-



15, and also on the defect mechanisms involved

in the reduction processg’13’16_30. An exhaustive review of all work

ties of reduced rutilez_

up through 1958 is given by GrantSl. For the most part the studies
lack direct quantitative correlation due to differences in foreign im-
purity content and unclearly defined reduction techniques. The thermal
properties of rutile in the nonstoichiometric state have received con-
siderably less attention. Measurements have been made of the specific

32-35 4,36 36

heat , Seebeck coefficient >~ , and thermal conductivity™ .

Scope of Present Study

It has been the purpose of this study to investigate some of the
electrical and thermal properties of rutile single crystals reduced in
a high vacuum for various times and temperatures, thus providing sys-
tems varying in stoichiometry. The Seebeck effect, electrical conduc-
tivity, and thermal conductivity in the teméerature range 5 to 300 °k
were of primary interest. The objectives were twofold., First, by
studying these properties as a function of the reduction state, one
hopes to be able to elucidate the nature of the transport processes at
low temperatures and to evaluate the appropriate parameters. Secondly,
it is of importance to relate these parameters to the still unexplained
defect mechanism of vacuum-reduced rutile in an effort to provide some
insight into the nature of the defect.

To these ends, all reduction parameters have been carefully re-
corded and additional measurements of weight loss upon reduction and
Hall coefficients were also made on some of the samples. In addition,
all samples have been cut from a single large boule of rutile which

contained a low concentration of foreign impurities.



A model‘has'been“develeped’infterms'of'aitwoadefect‘ﬁechanism
which qualitatively explains the behavier:of the-electrical properties
in vacuum-reduced rutile. Analysis of the thermal results in terms of.
existing theories.should extend”thefunéerstandingjoffthe'scattering
processes involved in the-transpert mechanisms associated with compound

semiconductors,



CHAPTER II
PREVIOUS WORK AND THEORETICAL BACKGROUND
Electrical Properties of Rutile

0
The rutile structure is tetragonal, with a = 4.594 A and ¢ = 2,959

R. Titanium ions occupy positions 0,0,0 and %,%,%s and oxygens are lo-
cated at * x,x,0 and = % + x, % - x, % with x = 0.3063?. Rutile is pre-
dicted to have a 407% ionic character3l.

The majority of experimental investigations on rutile began after
it was first prepared synthetically by a Verneuil technique in the early
1950's. Cronemeyer2 measured some electrical and optical properties of
rutile single crystals and correlated the high temperature conductivity

(Eg = 3,05 eV) with the optical absorption threshold at low temperatures

(3.03 eV). These results implied an energy gap in rutile of about 3.04
eV. Cronemeyer also investigated hydrogen-reduced rutile and concluded
that the resultant defect was an oxygen vacancy. Breckenridge and
Hosler3 studied hydrogen-reduced ceramic and crystalline materials.
They investigated the electrical properties from room temperature to
liquid nitrogen temperatures and, in general, found very low values for
the mobility, indicating a large effective mass for the electron. The
temperature dependence of the Hall coefficient implied that there
existed two types of donor centers. These were postulated to be oxygen

vacancies and oxygen vacancies associated with a titanium ion on a



normal titanium site. The small room temperature value of the mobility
(=1 cmz/volt-sec) suggested conduction might be taking place in a 3d
conduction band.

Because rutile has a strong ionic character, the question arises
as to whether it is possible to use simple band theory in the same fash-
ion as it is applied to predominantly covalent semiconductors. Freder-
ikse6 investigated the possibility of polaron conduction in rutile.
From his conductivity, Hall, and thermoelectric power data he concluded
conduction was by free electrons in a 3d band above 5 OK, but below 5 °K
that conduction took place by polarons in a polaron band. Hasiguti,
Egﬂil-g postulated that conduction below 20 °k was a result of impurity

12 have shown that the conduction

band conduction. Becker and Hosler
process in rutile is compatible with a multiple band conduction mecha-

nism, although no hypothesis as to the origin of these bands is given.
Defect Nature

Until about 1961 it was generally accepted that the predominant
defect in reduced rutile was an oxygen vacancy. The reduction process
itself appears completely reversible, e.g., the weight loss resulting
from the reduction process is equal to the weight gain upon reoxidationa.
In 1961 Chester17 performed an electron spin resonance study on hydro-
gen—- and vacuum-reduced rutile and noted two significant features.

First, there appeared to be a difference in the defect nature resulting
from the different reduction processes and secondly, in the vacuum-
reduced specimens he observed a signal which he postulated, among other
things, might be due to a titanium interstitial defect.

The first of these was clarified by von Hippel, et. gé,s, who



demonstrated that hydrogen can enter the lattice and act as a donor.
The hydrogen combines with oxygen. ions within the cfystal creating an -
OH concentration. This effect is probably significant in hydrogen-
reduced material and previous works should be re-examined in light of
this. In addition, since the Verneuil technique employs. an oxyhydrogen
flame, it is reasonable to assume that synthetic rutile has hydrogen
incorporated into it during the growth process. This has recently:been
studied, along with the effect of the hydrogen upon oxygen diffusion
rates, by Hi1127;

There has been considerable effort to establish the nature of the
defect in reduced rutile. One technique employed is to study.the
oxygen pressure dependence of the electrical conductivity. According
to the theory of reversible defects38, a defect equilibrium is given by
the law of mass action. (Appendix A includes a discussion .and deriva- |
tion of the law of mass action-in terms of concentrations.) The crea-

tion of an oxygen vacancy defect may be represented by the. following

equationsy

2+

Stoichiometric Crystal (S.C.) i‘OV + 2e + %Oz(g)

2+

s.c. T (U e ) +e + %0, (g)

24, -
$.C. = (OV 2e ) +'%02(g).

Application of the law .of mass action:.yields

]

244 2.3
[OV ] n PO

K, (constant)
2 1

[ovl+] n P

o X
[}
~

2



2

= K3|

o W

[0,1

In these equations the square bracket represents a concentration,

n= [e_] is the concentration of electrons, and P, 1is the partial pres-

0,

sure of oxygen measured in atmospheres. Since the electrical conductiv-

ity is proportional to n (¢ = neu) one deducesl6

¢ = constant P—l/6
0
2

g = constant-]?—l/4
O2

)

o = constant (independent of PO
2

for oxygen vacancies with none, one, or two trapped electrons, respec-
tively. Thus a study of o versus oxygen .partial pressure should yield
information regarding the nature of the defect. If however, as Chester
implies, there exists the possibility of a cation interstitial, the
problem is more complicated: Consider the creation of a titanium in-

terstitial, with a wvalence of m+, to be given by the reaction

. NS . -
TL0, ¥ Ti;j  +me + 0,(8).

The law of mass action then- gives

and the resultant conductivity is.

¢ = constant P m+ 1,



Thus if titanium 3+ interstitials '(Tii+) were formed during the reduc-
-

0,

tion process, 0 a P , the same value predicted for oxygen vacancies

with one trappédxelectron. On the other hand Tiié+ gives o o Po —1/5;
the same value éé'fbr the case of singly and doubly ioni

. S B ‘ 1
vacancies appearingvsimultaneouslylg. Calling ocxPO " %, the value of

zed oxygen

X reported in the 1iteraturé ranges from 4 to‘626. In general then, it
is difficult to establish the deféct nature conclusively using this
approach.

Hurlen16 pointed out several arguments in favor of the titanium
interstitial model. If there are N normal Ti sites then there are 2N
octahedral interstitial sites (at %, 0, %) and 2N tetrahedral sites.
The tetrahedral sites may be disregarded because titanium isbnot known
to occur with cooxrdination nﬁmber four. The octahedral sites might

favor the creation of an interstitial defect in that it is physically

3
o
larger than the normal titanium site (10.91 vs. 9.89 A )., Figure 1

6 octahedron site with the interstitial 06 octahe-

compares the normal 0
‘dron.,

Hurlen's second argument is that continual removal of oxygen should

result in an orderly progression toward the next oxide, 11203. If this

were not so, a drastic strﬁctural change must occur when a fourth of
the oxygen is removed if oxygen.vacancies are the only defect.
Results of investigations of dielectric relaxations in reduced

39,40

rutile at low temperatures by Dominick and MacCrone are interpreted

in terms of an Ov associated with a trivalent substitutional impurity,



Normal Site
O‘s octahedron

Interstitial Site
Og octahedron

d=3959 & d= 3.326 Z\
e=2526R4 . e=3326A
f=2959R .  f=2959R%

Volume = 9.89 A Volume = 10.91 A

Figure 1. Comparison of the Normal and Interstitial 0, -

Octahedron Sites 6
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and an interstitial T13+ ion associated with two trivalent substitution-
al impurities. Recent studies using optical absorption techniqueSZI,
electrical conductivity techniquesla, and electron spin resonance

methods28 lend additional evidence to an interstitial type defect.
Thermal Properties

The thermal properties of rutile have been studied less extensively
than the electrical or defect properties. Studies of the specific heat
in stoichiometric rutile by Keesom and Pearlman32 indicate the specific
heat capacity is proportional to T3, as expected, at very low tempera-
tures (< 4 0K). A value of 758 OK was obtained for the corresponding
Debye temperature. In the temperature range from 10 to 20 °k the Debye
temperature decreased from 650 to 460 °k. Measurements taken on reduced
rutile by Keesom and Pearlman33 and later by Keesom and SandinBA are in-
terpreted on the basis of a localized donor state feeding a narrow im-
purity band. Recently, however, Sandin and Keesom35 have decided that
the conduction process below 20 °Kk takes place in a polaron band.

The thermal conductivity of "pure" rutile has been measured by
Berman, et. al.al,at low temperatures and by Kingery, et. al.az,and
Yoshid343 at high temperatures. The most recent investigation has been
performed by Thurber and Mante36 who studied pure rutile in both the
"a" and "c¢'" directions. In addition they investigated one pair of
vacuum-reduced samples and a hydrogen-reduced "a" direction sample. 1In
general, the pure samples displayed a typical insulator behavior. A
maximum occurred near 15 °K with KaT3 at lower temperatures and k vary-
ing exponentially with temperature in the range 25 to 100 °). Thurber

and Mante also measured the Seebeck effect on the reduced samples at low
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temperatures and observed a large phonon 'drag effect.’ The. thermoelec-
tric power of reduced rutile has frequently been measured at high tem-—
peratures (e.g., References 4 and 6) but the author is unaware of  any

other low temperature (< 80 oK) measurements of this effect in rutile,
Theory of the Electronic Thermoelectric Power of Semiconductors

Simply stated, the Seebeck'effect_is the generation of a thermo-
electric voltage in a circuit:-of two cenductors, thg junctions of which
are at different temperature344.‘ Because thermal.emf's afe<additivex
it is meaningful to talk of an absolute thermoelectric power.of a sub- .
stance. In the case of a metal-semiconductor-metal system the thermo~-
electric effects of the metal are so small compared to the semiconduc-
tor, they may be neglected. Thus the measured thermoelectric power is:
assumed to be a characteristic of the semiconductor.

The electronic contribution to the thermoelectric power-has been
derived by many authors (e.g. Taucéé) and will not be.done here. De-
rived. from the Lorentz-Sommerfeld theory of conduction in metals, the
electronic contributioﬁ for a nondegenerate n-type semiconductor is
given . as

Q = (Ef - AEt)/eT.

Here e is the electronic charge, Q is the thermoelectric.power, and T

is the absolute temperature. Ef is the Fermi level measured from the

bottom of the conduction band.  When.the Fermi level lies below the con-

duction band -this term is negative. AEt is -the average energy of the

transported electrons relative to the band edge, or more simply it is a

kinetic energy transport term. The magnitude of AEt is of the order of
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kT and is thus usually smaller than Ef'
The utility of this:expression depends upon the ability to deter-

g+ Evaluation of

mine Ef and,AEtf Consider first the Fermi level, E_
this quantity from measurements of Hall-coefficients necessitates an
assumption regarding the effective mass of the‘carriers; This in turn
requires a knowledge of the electronic energy band structure of the
semiconductor in question, To -date, the exact emergy band structures
have not been established conclusively for any oxide semiconductor.

Three energy bapd models oftén_discussed'in the literature:are
shown.in Figure 2. Thesé'give'the'schematic forms of the locus in k-
space of a given single value of energy near the band edge.  The heavy
dots represent the extremums. The firsﬁ;of~these models (A) represents
the single vailey—many‘sheeted case, where the band edgé’is‘a triply de~-
generate state with wave vector k = 0, split-slightly‘by.spin orbit
coupling. The second case (B) is that of ‘a band edge consisting of a,

number of states with different wave vectors, kﬁ’#'O; and related sym-

metrically with one another. This is an example.of a-'many valley-single.
sheeted case. The locus of constant energy.points in.this model con-

sists of identical ellipsoids centered around the points'k\)o The model

most often assumed in;fhe literature is that depicted in C, the single.
valley-single sheeted case.

On the basis of these three models it becomes appareﬁt that each
model requires a different effective mass; since they involve different .
types of averages over the parameters describing the multivalued.non-.
spherical energy surfaces. "For example, the 'density of states -effec-

tive mass', m*, in terms of the conventional-model, C, is defined by.



SINGLE VALLEY MANY VALLEY SINGLE VALLEY

MANY SHEET  SINGLE SHEET SINGLE SHEET

Figure 2. Three Simple Energy Band Schemes Often Used in
the Literature

13
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NE = @y

h

1/2
(E - Ec) .
Here N(E)dE is the number of levels per unit volume within the range E

to E + dE and Ec_is the energy of the ‘edge of the conduction band (for

an n-type semiconductor). If, however, each surface of constant E was
a single ellipsoid, the m* in:the above equation is a geometric mean of
the three principle effective masses, mi*. Thus, in the case of model

*

B, N(E) is Nv times. as large as for a single ellipsoid and hence m® is

N 2/3
v

times the geometric mean of the three principle effective masses.
The point to be.made.ié that the above expression.is applicable .to the
various models only as long as the proper effective mass . is employed.
In the case of model A an additional restriction is required, however,
in that.the‘spin—orbit splitting must be << kT or >> kT or elsewm* may
vary considerably over the thermal range if defined as above.

From basic semiconductor statistics the density of charge carriers,

n, is given as
n o= S N(E)E(E)AE
where f(E) is the Fermi function,

f(E) = [exp (E - Ef)/kT + l]_l.

Upon performing the integration,

n = N_ exp (Ef/kT)

for E;

£ ° -2kT, and where



15

* _3/2
N - 2(2ﬂ mz kT) .
h

One:.can now evaluate Ef/kT and thus.find an. expression ‘for the:elec-

tronic component of -the thermoelectric power. Hence:

E. 227 m kT)3/%. * 3/2
—i = _ln[ - = (&—) J
kT 3. m
h™n e
and
AE
.k, C 3, b* 3 b
Qel = 2 [1n - + 2vln = + 2 InT + XT 1
where
¢ = & @rm 1)
h

and m is the mass of a.free electron. This is the ‘usual expression

found in. the literature for the electronic component of-Q44’46.

It is still necessary, however, to determine the value of AEt/kT.

This has been done by several authorS'(Herring46 for example) and their
results will be given here. Assuming that the processes responsible

for scattering the electrons can. be described by a relaxation time Te,v
and that TealE - Ec]r, one obtains AEt/kT = 5/2 + r. For the case of

acoustical mode lattice scattering r.= -% while for Conwell-Weiskopf
ionized impurity scattering47, r = 3/2. These represent the two extreme .
values of .r and yield AEt/kT equal to 2 and 4, respectively. Actually
mixtures of various scattering types may yield different values less

than 2. Since the scattering mechanisms may vary with temperature, the

value,AEt/kT might -be expected to do so also, and thus introduce an
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error into Qel’ In general, however, the kinetic energy transport term

contributes only a small fraction of the total electronic thermoelec—
tric power in semiconductors,

A further consideration, often neglécted<in'treating experimental
results, is that of the effect of various impurity concentrations. As
Herring46 points. out, present day theories are generally applicable:.to-
low concentrations of impurities or to high concentrations of impuri-
ties and carriers. In the former case, the motion of charge carriers
can be described by band theory, treating the carriers as entities
moving in regions of a pérfectly crystalline material. In the latter
case one treats the carriers as a degenerate Fermi gas and the impuri-
ties as sources. of scattering, It is in thé region between these two
extremes that problems are encountered. As the number of impurities
increases, scattering by impurities becomes.more, important, and conduc-..
tion may even occur in an."impurity" band'iﬁ‘addition to the normal
conduction process. Present theories cannot treat these gffects‘satis—
factorily, -if .at all. For example, one cannot.expect the effective
mass previously defined to be applicable to a carrier im an impurity
band, Thus, it appears that the parameters normally used in semicon-
ductor statistics may require new definitions in these intermediate

ranges of impurity concentration.
Phonon, Contribution to the Thermoelectric Power.

Measurements on Ge.in the early 1950's showed a very large. in-
crease in the thermoelectric power at low temperatures. Frederikse48
“and Herring46 independently explained this phenomenon on the basis of a.

lattice contribution to the thermoelectric power. Qualitatively one.can
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see how this effect might.arise in a crystalline solid. Consider an

n-type semiconductor whose ends are at. temperatures T, and T,, where
: P 1 ,

2

T2 > Tl. Neglecting any phonon effects, there is a net flow of elec-

trons from the hot end to the cold end. That is, there are more elec-
trons moving from hot to cold than from cold to hot. If one now con-.
bsidersvphonons present, there is also a net flow of phonons from the.

hot end to the cold end. This is just what occurs in the thermal con-
duction process due to phonons. In the presence of a‘thermal gradient
the phonon distributions are not isotropic, and the waves travel.pre-

ferentially from hot to cold.

Because of this, scattering of charge carriers by phonons is not
random, but acts in such a . manner as to "push" or '"drag" the carriers
more often toward the cold end than the hot end. The result is that
zero current.in the semiconductor occurs. only when. the cold end acr
quires enough excess carriers such that the electrostatic field created
by them counterbalances the effects of both this phonon contribution
and the normal diffusion of carriers from hot to cold. This preferen~
tial scattering of.electrons by phonons has come to be known as the
"phonon drag effect'". At ordinary temperatures this effect is small due.
to phonon-phonon.scattering processes which tend to -restore the lattice
vibrations to randomness.

A brief outline of Frederikse's development of the phonon drag
effect will now be given to help clarify the nature of this phenomenon,
Consider a semiconductor under the influence of a temperature gradient
and an external electric field, F, (both in the x direction). : Equilib-

rium is established through the interaction of phonons and electrons by



18

the scattering mechanisms:

phonon-phonon |
phonon-electron
phonon-impurity
phonon-sample . boundary
electron-impurity
electron-phonon.

At equilibrium the phonon and "electron distribution functions are re-
spectively giveﬁqby

-1

z _ 1)

=z
[]

(e

Hh
]

~exp (n - )

where z = %ﬁy‘ﬁw = phonon energy, € = E/kT, and n-='Ef/kT; When ex~.

ternal forces are present, these distributions differ from their equilib~

rium values and are customarily written (see for example Drabble and

Goldsmidso),
q oaN
= = bla) X 2
N = No + Nl No +-b(q) kBT Sz
N kx Bfo
f=fo+f1=fo+c(k)E];7I,-3;-

> =
with -q = phonon wave vector and k = electron wave vector: The Boltz-

mann equations give the steady state conditions:

oN _ oN

(’é?) = ‘('éfg)
collision drift

3f . _Bf

9t” ¢ollision ot drift.

If the solutions for N and f can be obtained, it is thus possible to

evaluate the heat current density, W, and the electric current density,
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J, from
W o= - s vEfak,
3 X
4w
T o= = s vidk
3 X
4r

The thermoelectric power (and electrical and thermal conductivities)
. 49
can then be determined ~.
Frederikse neglects.scattering of phonons by electrons and impuri-.

ties and considers phonon-phonon processes to be described by a mean

free path lph(q). Scattering of electrons by phonons and electrons by
ionized impurities are both' treated with mean free paths lep and lei

respectively. The complex ﬁanipulations will be omitted here, but with
these approximations and the Boltzmann equations it is possible to-
evaluate the parameters b(a) and c(ﬁ) and therefore N and £,

The resultant. expressions for the electrical and heat current

densities are then:

E K
- 2. Foy o 2 1y
J = Kl {e"F + eT gradX (T 1} -e (T + K7 gradx_T
W = K, {eF + T grad (E./T)} + (E:i + K(Z)) rad T
2 grady YEp T grady
where
i of -
R, = CJE g 7p d8
. L L
1 . j’e s 2uE af
K = CJE 3 T ({12) lphaEdE
ep
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C=l_-6.__ﬂ%
3h
s = Velocity of Sound

y -1 -1 -1 o ~ ~
and where (Re) = (Rep) + (zei) for the case' that Nl\— 0 (b(q)=0).

Writing J in terms of gradef one has, for F = 0,

E

K
- (al 2 v, _ _F
J = Kle gradeF {e(T +-K) eKl(T 1 grade.

This can be compared directly with the phenomenological expression for

J as given by Drabble and‘Goldsmid49;

g ,
J = o grad‘EF - 0Q grad Tf

Q is the thermoelectric power and o is the electrical conductivity. By

comparing coefficients the value of Q is found to be:

Q = = —];(_ﬁ - _E._F:. + ..K_(_}.)_)
: e KlT - T Kl,

The term K2/Kl is just the quantity AEt_discussed'in the preceding

section and in fact the first two terms on the right hand side are-
simply the electronic component of the thermoelectric power. The addi-

tional  term, —K(l)/eK is thus the phonon contribution to- the thermo-

1

electric power arising when the lattice is not.in equilibrium (N #No)a

If lattice scattering is the dominant mechanism, Ze = zep and

(1) . R . - ,, .
K /Kl is proportional to zph/gep’ whereas if ze zei’ K /Kl a
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Rph/lei, The important feature is thus-the ratio of the phonon mean

free path to the electron mean. free path. The:evaluation of 2 how-.

ph’
ever, is a very complex problem. The treatment of phonon interactions
has received much attention in regard to thermal:conductivity studies,
and some of these interactions will be discussed in the 'next 'section.
Herring46 approached the lattice effect on.the thermoelectric

power through the energy transport by waves in the direction of motion
of the carriers, that is by considering the absolute. Peltier coefficient:
m. The thermoelectric power is related to 7 through the Kelvin -rela-

tion, Q =.m/T. Herring obtained for the phonon drag component"

Qph = —(fszrluT),

In this:expression f is the\fraction:of the momentum lost by electrons
which is delivered to the lattice, s is the sound.velocity, t a‘pﬁonon
relaxation time, and p is the electron mobi;ity, This result is ana-
logous to Frederikse's since.p contains an electroﬁ relaxation time.

In order for an electron-phonon interaction to occur, the wave vectors
of the two must be comparable. Thus 7 .is interpreted to be an average.
relaxation time for long wavelength phdnons~(smallﬁg)‘and may vary con-
siderably from the relaxation time for phonons of high E:copsidered in
thermal conductivity studies.

To obtain an estimate of the temperature dependence of Qph’ Her-

3/2

ring assumed. uoT (acoustical phonon scattering). . In-addition, for

' - -1
T << eD, he assumed ¢ laT4q for transverse phenon modes and T @l q for

3.5

longitudinal modes, These relaxation times yieldeha‘I_ for longi-~
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tudinal.modesiand‘Qph:a Tf4‘for transverse modes:. At very:low tempera-

tures,’the predominant - scattering of . phonons is due to‘the boundaries
of the sample, as given by-Casimir50 and is temperature independent.

In this case Qph a T+% (boundary scattering).

Herring's derivation was for a cubic system, and.an-anisotropy in.

Q . would be expected for a tetragonal crystal such as rutile. Gashim-
ph .

zade51 has extended the results to the tetragonal system and predicts
T—305 T—305

a InT in the "c¢" direction and_QPh o in an."a" direction.

Qph_
It should also be pointed out that if the number of carriers is high,
they may constitute an important source of phonon scattering. This

would decrease T 'and therefore Qph°

Lattice Thermal:Conductivity

The electronic thermal conductivity of an extringic semiconductor

is derived from phenomological theory49 as -

2

k
Ky = OTL = oT (E) (r + 5/2)

Here ¢ is the electrical conductivity, L the Lorentz number, and r a
constant dependent upon the type of scattering mechanism as. defined

earlier. To obtain.an estimate of the magnitude.of Kel for rutile, con-

sider o = 102 (ohm.-ct.n)_l and T = 50 °k. These values would correspond
to highly reduced rutile. Using the maximum value of r. as 3/2 (ionized

impurity scattering) one calculates Kél % .1.5 x\lo_4 watt/cm = OK,

This number is at least three orders of magnitude smaller than measured

values of « for rutile. Hence the electronic contribution to k in this
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material is negligible and the lattice thermal conductivity is the dom-
inant mechanism,

A lack of knowledge of vibration spectra and of anharmonic -forces
in cryéta195 however, precludes an exact calculation of the lattice
-thermai conductivity. In 1959 Callaway52 developed a phenomenological.
model which has been successful in describing the thermal conduectivity
of several materials.

A brief description of Callaway's model will be given here. He-
assumes all phonon scattering processes can.be described by frequency
and temperature. dependent relaxation times. In addition, the‘crystal'
is assumed elastically isotropic and no distinction is made between’
longitudinal and transverse phonons. The phonon scattering processes
considered include normal three-phonon processes which conserve total:
crystal momentum, and umklapp processes, impurity scattering and bound-
ary scattering, which are all momentum-=déstroying processes. The momen-.
tum~destroying processes tend to return the phonon system to an equilib-
rium Bose-Einstein distribution.

Specifically, thg relaxation time for boundary scattering, TB, is .

independent of témperature'and described by L/c. c¢ is the sound
velocity and L is a length depending upon the sample dimensions, Ac~

. 1
cording to‘Hollands3 L= l°12.(L1L2)6 where_LlL2 is the sample cross

section.  The relaxation time for impurity or isotope scattering is

assumed, to have the form given by Klemens54, T, % (A.wl*)_l where A is a

constant proportional to the number of impurities per unit volume and

w is the angular frequency. This will be discussed in.more detail in

Chapter V. Normal processes.and umklapp processes are described re-
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spectively by

-1
N T -(Bzw T)

-1 2 3.1

e-e/'él--T w2T3) = (BuT) .

Tﬁ = (B

In the last expression 6 is the Debye temperature and a is a constant
characteristic of the vibrational spectrum of the material. The com-
1 -1 -1 -1 -1

bined relaxation time is then T — = T + T, + T + T .
B i N u

Callaway obtained an approximate solution to the Boltzmann‘equa—
tion in terms of this relaxation time. At lower temperatures he found
the normal processes may be neglected, and in this case the thermal

conductivity may be expressed as

K = "—"—]; (T—ISI—) /6 T (x4T) 2 < 5 dx
21°¢c h o (e - 1)

where x = %%-. TT is the relaxation time just given, but without the

normal processes term.



CHAPTER III
EXPERIMENTAL DETAILS
- Introduction

Experimental measurements were taken on1y on single crystals. A
200 carat rutile single crystal was purchased from the National Lead-
Company. Th%s'boule was grown by a Verneuil flame fusion ﬁechnique and
had,a pale yellowish appearance, A qualitative spectrochemical analysis
performed by the‘Jarrell—Ash Company.revealedvforeign impuyrities of less
than one ppm for Al, Si, Fe, Ni,'and Ag, and less than 10 ppm of Cu.

The axis of the cylindrically shaped boule was approximately in the "ﬁ"
direction. An x-ray diffraction pattern made in this laboratory re-=
vealed the "e¢" direction was about 8° oéf‘the boule axis;

All specimens used in this study were cut from the boule with the
uée of a diamond saw and string saw. In some instances a lapping
machine was used to'remove,ifregularities left by the cutting opera-
tions. Typical dimensions of samples whose length was parallel to the
"¢ direction (PA series) were 1.8 x 2.3 x 18 mm3, while samples whose.

length was perpendicular to the "c" direction (PEvseries) were 1.8 x 2.3
x 14 mm3. The differénce in length was due to.the initial diameter of
the starting boule. Samples having any visible flaws were not used in

the measurements,

25
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- Reduction Procedure

Dimensions of’all;specimens were recorded and placed'in,separatély
marked vials. Before the'vécuum'feduction process;'éampleq were cleaned.
with acid,'organic:solventé'and dis;iiled water and placed into a quartz
capsule (pig). The gpecimen and pig were then weighed‘sepérately.or.
together on a MettlervMS'micfobalance with a sensitivity'of'i 2 micro-
grams." The reproducibility on this balance, however, was about *. 5
micrograms. After weighing, the saﬁple.and plg were placed into a
quartz ;ube énd éttached toAthe‘high vacﬁum system (Figure 3). The
vacuum's§stem iﬁself consisted of a glass diffusion pump backed by a
»Welch Model lAOS roﬁghing pump,*-A cold trap using either dry ice -~ ace-
tone or LNZ‘wﬁs 1ocated Between the specimen and the diffusion pump, '

? to 10-6 torr.

The quartz tube was then evacuated to a pressure qf lo*
Pressures were‘measured;with‘a Veeco RG-75 ionization guage' together
with an RG;31A'controller. A Hoskins FﬂSOSA tube furnace was used to
ﬁeat the sample. After,the'furnace.had reached the desired operating
temperature, it was inserted over the quértz tube so that the;speqimen
was located at the midpoint of the furnmace. A Pt:Pt-10% Rh thermocouple,
positioned as shown . in Figure 3, monitored the temperature. This - ther-
mocouple was referenced. to room temperature, and the emf ﬁas measured
with a Léeds.énd,Northrup K-3 potentiometer. Readings of preséure,
temperature and time were recordéd‘periodiéally throughout the day,

Liﬁe voltage fiuctuations between morning and évening hours resulted in
temperature fluctuations of 20 to 25 OC, For this reason the reduction
temperatures listed for the various samples are‘necessarily ayerage

values,

After the desired time had elapséd the furnace was withdrawn from
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the quartz. tube and the sémple:allowed to cool. The thermocouple was
left~in place to determine the cooling rate. Typically the temperature.
fell to less than 100 °C in 2 or 3 minutes, resulting in.fairly rapid.
quenching of the sample. When room temperature had been.aéhieved the
quartz rod was removed from the vacuum system. and the sample and pig
reweighed to determine any weight loss. : Because weight losses were
always small, extreme caution had to be, exercised in handling the speci-.
.mens, to prevent any dirt.or moisture (from breath) from contacting them
and introducing errors. Even with reasonable‘prechutions it is felt the
weight loss measurements are probably nbt1very,accurate;although‘there

}

is reasonable consistency as will be shown in Chapter 1IV.
Method of Attaching Leads to Samples

A necessary requirement in performing dependable measurements is a
reliable means of affixing leads to the sample, Poor contacts result in
spurious data. The following method:was developed by .trial and érror
and usually resulted in good contacts.  For resistivity of-Hall measure-~
ments 0.010 inch slits were cut. into the sample with.a string saw to
approximately the same depth. In some éases an-ultrasoniec drill was-
used tb drill 0.010 inch diameter holes into the sample. A 0,040 inch
diametef solder tip was filed to a knife edge and tinned with indium or
indium-10% silver solder. Indium contacts were then applied to the
clean samples by abrading the inside edges of the slits (or holes) with
the knife edge. Apparently the surface of reduced rutile reoxidizes
rapidly, and it is necessary to penetrate this oxidized layer to pro-
vide good coﬁtact. When applied in.this manner the indium readily ad-

hered to. the rutile, whereas it would not without the abrading. Similar
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contacts were made on the ends of.the»specimens.

Any dirt or solder flux on the solder tip resulted in poor contacts,
so-it was necessary to-keep the tip clean énd.use it only for making
contacts. These contacts seemed to deteriorate with age so before each:
new type of measurement the old contacts were removed (by scraping and

acid) and new ones attached.

Room Temperature to LN, Sample Holder

2

Measurements of resistivity and thermoelectric power frem room tem-—
perature to liquid nitrogen temperatures were made using the apparatus
depicted in Figures 4 and 5. Essentially, the main requirements are a
sample holder with a high leakage resistance, a sure way of clamping
the sample, and.a means of varying the temperature, In the sample
holder shown.in Figure 4, the sample is clamped between two brass plugs
which act as heat sinks. The bottom plug is spring loaded to securely
clamp the sample in place, and is.also insulated electrically (and
thermally) from other components with a teflon sleeve. Calibrated
copper-constantan thermocouples are soldered with indium to-the sample.
ends of these plugs. As previously noted, the ends of the sample are
also tinned with indium, thus providing a good thermal contact between
the thermocouples and the specimen.. For four-probe resistivity measure-
ments -the potential probes from the sample are soldered to the. terminal
strip adjacent to the specimen. Number 40 copper wires were used for
these leads.. The copper leads of the thermocouples were used.as cur-
rent leads during resistivity measurements. and as Seebeck voltage leads
for thermoelectric power measurements. Ambient temperature changes were

accomplished by allowing the entire apparatus to warm up from»(or'cool
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down to) liquid nitrogen temperature, The warming rate and the tempera-
ture»gradient_across.the sample‘could-be-altered by use of.the heater,

The lower thermocouple and wires to the terminal strip were well
insulated electrically from ground. All leads passed out.through the
center tube. A vacuum seal was made onbthe upper end of ‘this tube (not
shown) by use of Torr Seal epoxy.

During thermoelectric power measurements the upper end of the
sample.was always at ground potential (Figure 5). Denoting the temper-~

ature of the upper end. of the sample as Tu, the lower end as Tl’ and the
Seebeck voltage as V_, data was taken in.the order: T , T., V., T., T .~
s ' u’ "1 s’ 17 Tu

T »

On every other reading this procedure. was reversed, .that is: Tl, u

Vs’ Tu"T The: reason for this is that the measurement of the thermo-

l!
-~ electric power is dynamic.in the sense that the temperature.is changing.

Usually this temperature change was slow and the :change in.one of the

thermocouple . outputs, say Tu, during a reading was negligibly small,

Dﬁring resistivity measurements, the sample ground.was alternately
changed from one. end to the other, depénding on the direction of current
flow. In these measurements the Keithley 610B electiometer case was
used as.ground. Temperature measurements were made with zero current

in the specimen since this could generate undesirable effects.

Taeo ' Low Temperature Thermoelectric Power

and Thermal Conductivity Apparatus

The apparatus used to measure the low temperature thermoelectric
power and thermal conductivity is shown in Figures.6 and 7. 1In this

temperature range the temperature differential across, the sample must
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necessarily be small and hence a measurement technique using two ther-
mocouples is not satisfactory. Thus the apparatus depicted here uses
a differential thermocouple.in a modified Goldsmid—typeé9 fkermalﬁcon—
'ductivity sample holder. Because it is desirable to maintain.thermal
equilibrium a two-can type»system,is-used. The ambient temperature.of
the sample can be controlled by the ambient heater wound ground the heat.
sink to which the sample is clamped, and also by the pressure surround-
ing the inner can. The inner can itself.is connected to a high vacuum
s&stem. Additional temperature. contrpl is achieved by allowing verti-
cal mo#ement.of the inner can.: Thus with the inner cam completely
down, good. thermal contact is made between it and.the outer can andv
hence the coolant (liquid helium)., = In the maximum, up position, a brass
pin provided a controlled heat leakﬁbetween the inner and outer canms.
In the center position, as shbwn in Figure 6, the heat flow between the
cans was by conduction through the gas separating them. With ﬁhis
arrangement it_was possible to increase the temperature of the sample
up to.about 30 °K and then. cool itxback down to. liquid helium tempera-
tures,

A temperature gradient across the sample was:achieved by winding
a heater directly on it, using constantan wire of 0,14 -mm diameter,
Constantan was used because of its low temperature coefficient of re-
sistance, In any measuremenf at low temperatures it.is important that
all leads are thermally tempered. This was achieved by tight wrapping
of the wires around the heat sink. These wires then passed through the
phenolic standoffs (see Figure 6) and on to the sample.

The sample itself .is clamped directly to.the heat sink., Good.

thermal contact is_maintained at this point by tinning all mating sur-
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faces with indium or an indium alloy. Between the specimen and the
clamp a»piepe of brass foil was inserted. Soldered to this foil with
indium was the thermocouple'used:to.méasure sample temperature, one.end
of the differential thermocouple, and a Seebeck voltage lead, The use
of the foil provides for easier mounting of the sample since.it does
away with another contact on the sample, but probably lessens accuracy.

The temperature of the ﬁpper end of the specimen was measured with
a Au + 2.1 at, % Co versus normal silver thermocouple. A Au + 0.02 at,
% Fe versus normal silver thermocouple was also provided since this
system has a slightly higher thermoelectric power than gold-cobalt. at
very low temperatures, but this thermocouple was never calibrated.

On the low resistivity samples it was necessary to.provide a means
of electrically insulating the lower end of the differential thermo-
couple from the sample while still providing good thermal. contact.
Three separate techniques were used and these are shown in Figure 8.
The first of these (A) used a brass clamp. Contact to the sample was
made through indium applied to the specimen and to the inside knife
bedges of thevclamp. Soldered on the back of the clamp was a piece of
pure rutile (unreduced). The differential thermocouple was then sol~-
dered to the opposite side of this. At low temperatures fure rutile
is a very good. electrical insulator and heat conductor, The main dif-
ficulty with this clamp arose from the different coefficients of expan-
sion of rutile and brass. Thus the cooling process sometimes resulted
in the clamp pulling away from the sample and causing poor.thermal con-
tact between them.

The second method  (B) eliminated this problem in that the nylon

screws contracted more than the rutile and caused the clamp to become
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tightér_at low temperatures. Teflon tape was used between the foil and-
the clamp and this’sbmetiﬁes_caused poor Ehermal contacts, however.

The last method‘shown in Figure 8 (C) involved soldering a small sliver
of puré rutile directly to the sample and then soldering the differen-
tial thermocouple to the opposite end. This technique gave the most-
reproducible results and was most commonly used in this study.

The différential thermocouple output was read with either a Honey-
well 2779 potentiometer or with a Keithley 149 microvoltmeter. The
thermocouple numbered 5-6 in Figure 7 was used to determine the feasi-.
bility of employing a two—thérmocouple type of measurement at low tem-
peratures., This method proved to be unreliable and this thermocouple
was no 1oﬁger used. A battery-operated Keithley 602 electrometer was

used to measure the Seebeck voltage on the high resistance samples (in-

put resistance * 1014

ohms). On low resistance samples the Seebeck vol-
tage could be measured either with the Keithley 602 or with the K-3
potentiometer across 1eads_3 and 5. The K-3 was also used to measure
the gradient—heater applied voltage. . |

Measurements procedures and sources. of error in this and. the pre-

ceding apparatus are discussed in. Chapter IV.
Resistivity and Hall Effect Apparatus

Resistivity measurements on the high resistance samples were made
‘'with the circuit depicted in. Figure 9, Ha11 measurements were also
made with this apparatus. The sample holder itself (mot shown) consist-
ed of a copper plate to which thin glass slides were attached with
General Electric 7031 varnish. Twp specimens were then fastened in. the

same manner to the glass slides (one on each side of the copper plate).
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A Au + 2.1 at. Z Co versus normal silver. thermocouple.was imbedded with-
in the copper plate and a phenolic terminal strip attached to the side
received the Hall and resistivity leads from the samples. Leads were
attached to the samples in the manner depi;ted-at~the top left of Fig-
ure 9.

The potentiometers,shownvin Figure 9 were constructed in this lab-
"oratory using precision components and are similar in design to those
of Fischer, Greig, and Mboserss. Appendix B contains the .circuit
diagrams and parts lists for the three potentiometers.

Essentially the Keithley 200B electrometers act .as impedance
matching devices (input resistance = 1014 ohms) . For resistivity meas-
urements only potentiometer A and the calibrated potentiometer are.
needed. Suppose, for example,'thét the Shallcross 4E switch is set to

connect resistivity leads 1l and 2 to the electrometers E, and E,. ' The

1 2
current flowing through the sample is measured with the Keithley 610
electrometer. E1 is then brought to zero by adjustment of potentiometer

A. With,switcﬁ S.in position 1, electrometer-Ez is then balanced using
ﬁhe calibrated potentiometer, which gives a direct reading of the volt-
agé‘drop across . the potential‘ieads.

Potentiometer B is only used during Hall measurements and facili-
tates the elimination of errors which might,arise from misalignment of
the Hall probes. 1In these measurements. the Shallcross 4E switch is
used to connect a pair of Hall probes (say 1 and 4) to the electrometers.

A current is then passed through the sample and the magnetic field.

applied. With switch S in position 2, Ei and E2 are adjusted to zero

using potentiometers A and B respectively,' The magnetic field is then

reversed and El again brought to zero using potentiometer A, leaving
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potentiometer B unchanged.: With switch § in position 3, E2 is next

balanced with the calibrated potentiometer, which reads out twice the
Hall voltage, This procedure eliminates misalignment errors but cannot
correct for errofs arising from thermal gradients in the sample. These
necessitate repeating the measureménts with reversed:current flow. The
current flow is reversed in the sample by use of the Shallcross.Z series
switch located in the swiﬁching box.  In addition, each potentiometer
hés polarity reversing switches as shown in Figure 9.

This apparatus worked well except that it required isothermal:con-
ditions for accuragé'Hall,data, a requirement sometimes difficult to
fulfill. At the time Hall measurements were made a magnet providing
large fields was not available, and most data was thus taken using a
permanent magnet with a field strength of 1.12 gauss, a gap of about 3

inches, and with flat 2" diameter pole pieces,



CHAPTER IV
EXPERIMENTAL RESULTS
Reduction Parameters

Thisvchapter«is‘divided into several main sections, including
sampig;reduétion pa:ameters,'electrical,meésurement~results, and lastly
the .thermoelectric powér and thermal condﬁctivity results. The reduc~
‘tion of the sample was. performed in the apparatus describedvearlier.,
During preliminary studies it was found that the reducﬁipn process at
<. 700 °C in a vacuum was very slow.  For this reason samples were re-
duced at. three higher temperatﬁreé;»namely, 850 °c, 950 °c, and 1050
vOC, the .latter -temperature being the maximum operating temperature of
the furnace, At these temperatures treatments varied asito,the length
of time of the process. Tﬁese treatment times were 3 hrs, 9 hrs, 72
hrs, and 185 hrs, with some other samples.reduced.diffgren; lengths .of
time.

The color of the specimens changés:during the reduction process
to a:shade of blue. The degree of coloration depends on the state of
reducfian.‘ Heavily reduced_samples‘(e.g. PA-lZ) are very dark blue and
are opaque, Table I lists the samples in.order of increasing blueness
.as deﬁErmined visualiy, together with the reduction:parame;ers_and
»sample dimensions.»,As-mentioned earlier, temperature variations oc-
curred in saﬁples treated for > 24 hrs due toiin?house\line voltage:

fluctuations. The numbers givén, then, are averaged values, weighted
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TABLE I

SAMPLE DIMENSIONS AND REDUCTION PARAMETERS

: _Dimensions (cm) E ______Reduction Process ' Tioz_x
Samplet W T L Temp oy k Pressure (Torr) _ Time (Hrs) X
PA 5 0.234 0.173  1.754 852 3.4 x 10™ 18 *
PA 4. 0.237 0.194 1.795 850 4.0 x 107% 42,
PA 7 0.243  0.182 1.787 846 6.8 x 1078 72 *
PA 11 10.234 0.183  1.804 948 4.0 x 1070 9 3.2 x 10°
PA 8 0.239 0.188 1.798- 842 5.8 x107° 185 £
PA 2 0.239 0.186 1.792 827 1.6 x 107 116.5 *
PA 10 0.238 0.188 1.790 950 3.4 x.1078 72 2.0 x 107%
PA 1 ' 0.256 0.235 1.753 1078 2.0 x 107 3 2.4 x 10
PA 6 0.237 0.183 1.800 1066 1.9x 107 9 5.2 x 10

%0.126 0.183 1.800 o

PA 3 0.235 0.161 1.807 1045 6.9 x 107° 72 1.6 x 10
PA 9 0.235 0.118 1.769 1168 2.8 x 107 3. 4.0 x 10
PA 12 0.235  0.178  1.790 1047 3.8 x 1078 185.5 p—
PE 12 0.236 0.179 1.424 1039 2.3 x 107 1.3 N—
PA 13 0.232 0.188 1.803 1047 2.3 x_1o“6 352 =

IPA specimens are those having L parallel to the "c" axis, PE specimens have L L C.

"Results in -error due to weight loss in quartz capsule. 9
a ' .
After cutting to decrease cross-section from 0.0433 to 0.023 cm'.

£y
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with time whenever possiblea The pressure.data shows that better vac-
yums were obtained when long reduction times were used. This is a re-
sult of outgassing with the vacuum system. Converting these numbers
to a partial pressure of oxygen, P, = 10b? atm., Time was measured

%

from the moment the furnace was placed over the quartz tube, even
though it took about. 10 minutesbfor-the system temperature to recover.
to within 10% oﬁ.the‘desired value. Conceivablyfthis-could.affect sam-.
ples treated for shbrt times (< 3 hrs), bﬁt is negligible in séecimens‘
tfeated for long times (> 24 hrs).

The number x listed in Table I is déﬁermined from the weight ‘loss
' measurements and is anvindicafion of the amount of;deviation from stoi-
chiqmétryiresulting from the various treatments., Assuming the material
is originally sﬁoichiometric_and that only ;xygens are removed in the.
reduction prdcess, x 1g evaluated as follows;

If W is the sample weight, then the number of Ti0, molecules, N

2 T’

is given by NT =;WL/A(T102), where L is Avagadro's number and A(TiOz)

is the molecular,wéight of rutile (= 79,8998 gm). Now if only oxygen
atoms are liberated in. the treatment; and the weight loss is AW, then

the number.of oxygens removed; NO%'ié N. = AWL/A(0), where A(0) is the

0
atomic weight of oxygen (= 15.9994 gm). In the starting material there.

were‘ZNT atoms.  of oxygen, whereas after the treatment there are ZNT,—

"N atoms of oxygen. remaining, Denoting the composition of the nonstoi-~

0
chiometric material as TiOz_x, the value of x is then given by.
= EQ. _m Molecular wt, of»_TiO2
x N, W  Atomic wt. of O

T
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For the samplés listed in.Table I‘that are marked with an aster-
isk, the weight loss was not accurately determined. This resulted from
an unmeésured weight loss in the quartz pig which was weighed together -
with the sample. Thus,vthe weilght losses for these samples actually
urepresented a total_weight loss for the specimen.and the quarté capsule;
The other values are estimated to be accurate to within * 50%, the main
source of errér existing within the microbalance.

Because the samples are quenched quite rapidly from the treatment
temperaﬁure back to room temperature, it is assumed in later discus-
sions that the atomic defects are "frozen" into the specimens., Thus‘
the defect concentration after quenching is assumed to be the same as
‘the initial high temperature COncentratién of defects. At room temper-
ature these 'frozen-in" defects actually represent a non-equilibrium
situation, and éhanges in concentration with time might be anticipated.
Resistivity measuremenfs on some of the samples over é pefiod of one
and one half years do not indicate any change, however, at least with-
in the experimental error of the room temperature resistivity measure-

ments (< = 5%).
Electrical Measurement Results

The electrical resistivity results for some of the éamples are
shown in Figures 10 and 1l. All measurements above liquid nitrogen
temperatures were.made using a four-probe technique as described ear-
lier. All four-probe measurements were carried out at a measured pres-

sure of approximately 10--3 torr. In the LN2 to room temperature appar~
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atus, measurements could not be made under isothermal conditions since
a temperature‘gradient always existed across the sample. To correct
for this error, data were taken first with the current flowing in one
direction and then the current was reversed through the sample and data
were again taken., The actual value of the resistivity was taken to be
the average of these two values. When taken in this fashion the data
were independent of the size of the thermal gradient invthé sample and.
' were very reproducible. The error in these measurements is estimated
to be < * 5%, the largest source of error arising from the inability to
accurately determine the distance between.the potential probes, L.
At temperatures below LN2, measurements were made using either

four-probe (PA 7, PA 8, PE 12, PA 3, and PA 12) or two-probe (PA 10,

PA 6) techniques., 1In the latter case the data were takeﬁ while.measuf—
ing the thermoelectric power, except no temperature. gradient. existed
b‘yithin the sample, Two-probe measurement results were reproducible

at low temperaﬁures when the resisﬁivity was high, but at higher tem-
peratures when the resistivity was <,lO3 ohm-cm, contact resistances
‘gave erroneous results. In-the low resistance samples the contact re-

sistance ranged from 25 to 50 times the sample resistance near LN2 tem~

peratures.

The remaining low temperature resistivity data were taken ﬁith
_the. four-probe apparatus discussed at the end of the last chapter, In
this system it was again possible to reverse the current direction in
the sample, Because the sample temperature was changing during these.
measurements (about 1 °k/minute) the results could be in some error,
especially in the regions of rapid resistivity change. Finally, the

neaflyézero slope portions: of the resistivity curves for samples PA 8
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and PA 10 are probably somewhat more in.error since the measured sample
resistances in these cases (~ 1012 ohms) are nearing the electrometer

input resistance (*_1014

ohms) . Even more important may. be the fact
that an accurate sample holder-leakage‘resistanée.is not known, but
probably it is of the same order as the specimen resistance, However, .
compéfable results (PA 8 and PA 10) were obtained in.two different.
sample holders.

Figure.1ll illustrates a very pronounced change ‘in, the resistivity
with the reduction process. In particular it is informative to look
at samples treated at about.the same pressure and for the.same length
of  time, but.heated‘at,different temperatures, For example, samples
PA-7, PA-10 and PA 3 were treated 72 hours at 4't§ 7 x 10_6 torr, but
at temperatures of 846, 950, and 1045 oC, respectively. Figure 1l or
12 shows the strikiﬁg difference in behavior between these samples.
Thgﬂresistivities oé‘PA 7 and PA 10 are monotonically increasing with
decreasing temperatufe whereas for PA 3 the resistivity actually de-
creases graduélly to-a minimum near 35 oK-and then increases exponen~ -
tially with inverse T.

To ascertain whether this behavior mightxin part be attributable.
to a lack of equilibration of.the defects in.the lower treatment tem-
perature samples, specimens PA 8 and PA 12 were treated fér 185 hours
at temperatures of 842 :and 1047v°C'respectively.» Tﬁese two . samples,
however, still display the marked difference in behavior.  The room
temperature resistivity of sample PA 12 was a factor of 2.3 less than
that of PA 3.  To determine if the defect concentration produced by

the reduction process had equilibrated, sample-PA 13 was treated for

352 hours (1l4.5 days) under. approximately the same conditions‘'as PA 12.
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The room temperature resistivity of this sample decreased by 132 from
the 185 hour sample. Using the resistivity as an indicator of the re-
duction state, it appears. that much longer times are necessary to
achieve thermodynamic equilibrium than has been previously thoughtlz.
Because rutile has-a tetragonal structure, one would expect an
anisotropy in the resistivities for samples cut with the length paral-

lel to an "a" direction and a "c¢" direction. Figure 12 shows the

ratio pa/pc‘for samples PE 12 and PA 12, two samples treated under.the

same conditions. Curves.of this type have meaning if both samples have
identical defect concentrations. Unfortunately this is probably never.
the case even for samples treated,simultaneously;'since the diffusion
constant for oxygen.in rutile is known to differ in the "a'" and "c"

. 56 . . . . .
directions™ . Of .interest, however, is the maximum in pa/pc occurring

near 100 oK and the trend toward a constant value at lower temperatures,
To -determine some, K other pertinent parameters concerning the con-

duction process in these samples, Hall measurements were performed on

samples PA 3 and PA 6. Experimental-determination of the Hall voltage,

-:VH, allows calculation of the Hall coefficient, RH’ according to the
expression

Ry = 1078 V,T/BI,
where T is the sample thickness in cm, I 'the sample current in amperes,
and B the applied magnetic field in gauss. For a tetragonal crystal
" there are three (different) Hall.coefficients; depending on the orien-
1L

tation of I'and B with respect to the crystal "a" and '"e'" directions,

If L||c||T then B||a, but if L||a||I then B can be parallel to "a" or
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ot

parallel to .. In'thiS‘workfonly‘Lllc (PA series) samples were.

studied,-hencé Blla; From'measured;valueS“of_Rﬁ, the charge carrier

: concentfation, n, can be calculated from
R R e (3“/88) G(Ef?/RH,

where G(Ef) is a function of the Fermi level and varies-from 8/3n for a

degenerate maﬁeriali(say a metal) to 1 for nondegenerate specimens.
'Reduced'rutiie'has never been observed to be degenerate. Meésurements,
of the Hall coefficient and resistivity enable one to determine the
Hall mobility since'oc = 1/p = neu,.

Results of measurements on.sample PA 3 are shown in Figures 13 and
14, These results are'simiiarjto;thosé'obtained“by‘Becker and‘Hosler12
on vacuum~reduced samples;'»The"cafrier“concentration'results in'this
temperature range:can be fitted by two Boltzmann terms suggesting two
sources of conduction electrons. The mobility results reveal thét the
room temperature value is 5 1 cm2/v01t~sec5 a value small compared to
semiconductors such as germanium pr’silicon. The temperature depend-
ence of the mobility in:the range“SO“to‘loo °k is propoftional to T—2'5,
a dependence unexplained by simple existing theories. For example,

l».s

acoustical phonon scatteringbyieldS'uaT" ‘whereas ionized impurity

scattering gives udel's.

Thermoelectric Power

Measurements of the Seebeck effect were made using the two dif-
ferent systems described earlier:  All data being taken at a measured

pressure of approximately 10*3'torr. The absolute value of Q is deter-
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mined from the expression

lim AVs

Q =41 >0 7T

where AVs is the Seebeck voltage developed across the specimen., At

high temperatures. the magnitude of AT ranged from 2 to 20 °K with lit-
tle effect on the value of Q. Comparison of data taken with the sample‘
cooling and warming indicates any-errpr resulting from the dynamic
nature of the measurement is small. Above liquid nitrogen.temperatures
the data were reproducible to within * 5%. The - two copper—constanﬁan
thermocouples had mnearly equal the:moeiecfric powers over the entire

temperature range and so the Seebeck coefficient could be calculated

from

Q = Vs'a(T>Cu—Const./(V1,_ Vo
where V1 is the average value of the lower thermocouple. emf, Vu is. the
average value of the upper thefmocouple emf, and o is the ther-

Cu~Const
moelectric power of.the copper—constantaﬁ,system. Using conventional
sign notation fpr thevthermoelectric power, the value of Q was always
negative indicating conduction was by electrons.

Measurements at low temperatures were more difficult due to the
problems in clamping the differential thermocouple to the specimen as
previously noted. Typical values of AT in this apparatus were 0.2 to
0.8 °k at 10 °K and 0.4 to 1.5 °K at 20 °K. Attaching the differential
thermocouple,thefmally to the sample with the "purefrrutile sliver gave:
the best results. |

At low temperatures, with zero gradient-heater input, the differ-
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ential thermocouple displayed an emf of about 1.8 uV nearly independent
of temperature, It was determined that this.value was due.to inhomo-
genities in the wires, and possibly to contact potentials in.the ex-
terior circuit. Contact‘poténtials were estimated to be less than

* 0.5 uV,-however. In'addition to this correctign, heat conduction
through the_system to the sample ﬁended to create a gradient across:

the sample with the upper end the warmer., The magnitude of this effect
"ranged from zero to about 1 uV. To correct for these errors.the dif-
ferential thermocouple output was determined as a function of tempera-
ture, with zero gradient-heater input, during each run, The necessary
corrections were then made in the thermocouple output when the gradient-
heater was.on and a temperaﬁure gradient existed across the sample,
These corrections varied little from run to run . and, in fact, a large
deviation from the normal values usually indicated a peor thermal con-
tact between the differential thermocouple and the sample. The impor-
‘tance of the correction can be seeﬁ in the following example. At 20 °K,
a one—deéree temperaturé'gradient corresponds to‘20 WV, and if the cor-.
rection were 2 LV, failure to take it into account would result in a
10% error. (The correction at 20 %k was never this big, however.) At
5 %k the situation is worse, because a smaller gradient is required,
say 0.25 oK,.whig:h corresponds to about 4 uV. Thus at S‘OK failure to
make the 2 uV correction (typical)‘causes a 100% error. Obviously . the
larger the thermal gradient can be, thevless effect the correction has.

The temperature of the midpoint of the sample was found by sub-

tracting half the differential thermocouple.output,from‘the emf of the
thermocouple attached to the upper end of the specimen. Taking all’

factors into account, including the observed scatter in the experimental
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poinfs; it is felt that the:valués of Q measured belew 10 °K are accu-
rate to * 20%, while above this temperature, accuracy is probably
better than * 10%. Thermal equilibrium of the specimen could.not be
achieved in the range from 25 to about 60 oK,'and because. of this the
measurements are dynamic in nétqre; The excellent agreement of the
data~takep in the two different thermoelectric power systems, however,
suggest any error arising from this effect is small. The gradual
warming of the spécimens can be expected to introduce a,larggr error in
thermal, conductivity measureﬁénts as will be mentioned in the next
section,

‘ Thefliquid nitrogen to room temperature results are shown in
‘hFigure 15.. Near 100 °k a.rapid increase in the magniﬁude of Q is ob-
served which isiaﬁtributed to phonon drag effects. Figures 16; 17, and.
18 present the actual data'poinﬁs for three of the samples. Smoothed
curves for thése«éampléS’arejalso shown on Figure 19, together with a
smoothed curve for sample PA 13 and data points for samples PA 8 and
PA 10. Accurate’data.pointS‘at the lowest temperétures‘could not be
obtained for these.latter two samples dﬁev to their very large resistiv-
ity. 'Reference back to Figure ll_sﬁOWS that they reach their maximum
resistiﬁity near the temperatures where the thermoelectric power curves
terminate,

In general, the Q results show a large increase in magnitude with
decreasing temperature, eventually reaching‘a maximum-and then decreas-
ing. Also, the magnitude’of Q shows an.inverse relationship to the de-
gree of reduction of the specimen, that is, upon the concentration of
defects. The»tempefature of thelmaximum in the curves also shifts to

higher temperatures with the more highly reduced samples. To ascertain
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what effect boundary scattering has in these, samples at low tempera-
tures, sample PA 6 was cut approximately in half, decreasing the cross-—
sectional area from 0.0433 cm2 to/0.023l.cm2. As ‘shown in. Figure 18
there Qasvno discernable difference in the measured values of Q.

In Chapter II a method was discussed whereby one could calculate
a carrier effective mass if the number of carriers and the electronic:
component of the thermoelectric power were known. Using this procedure

and assuming acoustical mode. lattice scattering so that AE_ = 2kT, and

T
further assuming that the measured thermoelectric power is purely elec-

' %
tronic at 200 OK, a value of m =.29 me_is obtained for sample PA 3,

This is a "density-of-states effective mass" as discussed earlier. If
this value of effective mass is assumed to be independent of temperature
it can be used together with carrier density data to evaluate the elec-

tronic component, Qel’ as a function of temperature. This has been

done for several samples and the results for PA 3 are presented in Fig-
ure 20. ' The low temperature portion of the solid curve labeled

Q

. was. calculated by using a value of n obtained by extrapola-
electronic

tion of the Hall data to 35 -k, The dotted region below this tempera-
kture'was found in. the same manner but: the extrapolation may be less
valid since other_workers12 have found an,increase in the Hall coeffic-
ient occurs near the minimum in the resistivity. The resistivity mini-
mum occurs at about 35 °k for sample PA 3, and so below this tempera-

ture. the magnitude_of'Qel probably decreases much more rapidly than

shown in.Figure 20.
Figure 21 depicts the phonon contribution to.the thermoelectronic

power for three of the samples as found by subtracting the calculated
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electronic components from the measured values. Hall coefficient data
was not.obtained for PA 12, so in.this case.n was determined by, compar-
ison of resistivities with sample.PA 3. The approximation of n versus
T obtained in. this manner is probably quite satisfactory fer determina-

tion of Qel’ since the calculated value of Qel'is relatively insensi-.

tive to small changes in.n.
o
Above 100 'K the curves in Figure 21 are the differences between
nearly equal numbers. Deviations from the solid lines at.low tempera-

tures . apparently arise from the error in determining Qel at these tem-
peratures. Assuming Qpha "% the values of x for each solid curve are.

given on the figure. As expected, the value of x varies inversely with
the reduction state.,  All values of x are less than the theoretical
value of 3.5 predicted by Herring.

Measurements of.the Seebeck coefficient for PE 12 are shown. on
Figure 22, and PA 12 results are also reproduced for comparison. The
large anisotropy in total Q for the "a" and "c¢'" directions is better .

depicted in Figure 23, where a rapid-increase in the ratio Qc/Qa is ob=.

served between 10 and 40 °K. . Above 40 °k the ratio is nearly.one. As.
mentioned earlier, Gashimzade51 predicts for the phonon contributions

3.5 -3.5

in. a tetragonal crystal, Qca T 1nT and Qau T ' which gives for

the ratio, Qé/Qa ¢ 1nT. The dotted line in Figure 23 is-a plet of 1nT

versus T which has been arbitrarily fitted to the measured ratic at 40
°k. The ratio of total Q's can be expected to deviate.significantly

from a 1InT relationship at the higher temperatures where Qelvbecomes

prominent.
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Thermal. Conductivity Data.

If the power input into the gradient-heater is accurately known
the thermal conductivity of the specimen.can be determined simultaneous-
ly with the thermoelectric power. The thermal conductivity, x, can.be

found from the equation

K = IVLO!./AVtc ,

where I and V are the gradient-heater current (amps) and applied volt-
age (volts) respectively, L is the distance across which the tempera-
ture gradient is measured, A the cross sectional area of.the specimen,

Vtc the corrected differential thermocouple output, and o the thermo-.

electric power for the Au + 2,1 at. 7% Co versus normal silver system,
Besides the errors préviously mentioned, additional sources of
error exist héré. Least of these is again the problem of accurately
determining L. More important is the determination of the energy
flowing through the sample per unit time (IV). The assumption made is.
that 3ll the energy fed iﬁto the heater in turn flows through the sam-
ple. This however is probably never the case becuase of radiatien and-
conduction losses from the heater. At low temperatures (< 100 oK)
radiation losses calculated from,a;T4 law are completely negligible,
whereas<heat loss by conduction through the surrounding medium can be
appreciable. Obviously the better the vacuum. surrounding the sample.
the smaller the heat losses will be. Since the meaéured pressure was
always around 10-3 to 10_4 torr, a possibility for significaﬁt.Error
is present, ' Liquid helium, however, is an excellent cryopupb;and‘in

the absence of helium leaks, the actual pressure within the inner can
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is probably less than that measured externally at a sizeable distance
from the specimen: In addition, since all specimens were measured at
nearly the same pressures, and gradient-heater power levels were nearly
the same'fof all specimens, one would expect good consistency from
sample to samplé. Thus, evenlthough the absolute magnitudes of k may
be open to question,'the»data are'assumed indicative of the dependence.
of the thermal.conductivity.uponvreduction treatment., Although not
discussed here, measurements of k for several samples (PA 3 and PA 12)
were made in the temperature range 80 to 300 °k using a Goldsmid-type
apparatus and these results agreed well with the data presented here
and with other published values near room temperature.

As noted previously it was difficult to achieve thermal equilib-
rium of the sample in the temperature range 25 to 60 °K and thus it
was difficult to obtain reliable thermal conductivity data in this
range.

Figure 24 shows the results for the LIIc sample PA 12 and the L|la
sample PE 12. Both samples had the same cross-sectional area and leads
were attached as nearly as possible to the same value of L. The aniso-
tropy ratio Kc/Ka is shown in Figure 25 together with the ratio ob-
tained by Thurber and Mante36 for unreduced rutile. These, authors es-
timate their error in the ratio to be 't 0.1 and the data presented here
are probably comparable.in error.. In-view of this, the agreement over
a large portion of the temperature range measured is gratifying. Of
particular interest is the nature of this curve as compared to the

ratio Qc/Qa (Figure 23), Both have constant values below 10 oK, in-

crease rapidly from 10 to about 35 OK, and are relatively constant once

again above this temperature.
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Figure 26 gives tﬁe K data‘for all the Lllc samples measured.
Just as in the thermoelectric power results, the magnitude of k de-
creases with the degree of reduction;"Aﬁ low temperatures, k is nearly
proportional to Tzrwhich’sﬁggests that scattering of phonons in this
teﬁperature range is not solely due to the sample boundaries, since a
T3 dependenée is predicted for this effect. The decrease in magnitude
of « with increasing defect"concentratibns implies impurity scattering
may be another important Séattering mechanism, For a11‘samp1es‘the
temperature of the maximuﬁ_is about 12,5 °K. As in the case of the
- thermoelectric power_results, the partlyéciosed circles for PA 6 rep-
resent the initial cross-sectional area of 0,0433 cm2 while the open
circles afevdata taken after‘reducing the area to.0.0231'cm2. Again
no size effect is noted. The'observance'ofAno apparent size effect in.
both k and Q results implies- that épproximately,the same group of pho-
nons is influential in both phenomena.

Some of the pertinent parameters are summarized for each sample

in Table.II.
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TABLE II

SUMMARY OF LOW TEMPERATURE RESULTS AND INTRINSIC ANALYSIS

| -E (eV)a m*/m € ‘Qo d megx | Kmax )
(100°K) (§o°K) (10°8)  (200°K) E;gé°§) ) maéTV/TK) ‘ZZE?’°*E ©
. max . . “max
0.114  0.088 _— - — —_— -
0.086 0.065 — - 0.88 —_— -
----- 0.053 — - T — -4.5  12.5
0.016 24 0.83 2.7 ~11 10 3.0 12.5
0.05°  ———==  0.012 29 0.79 2.5 7.2 12 2.5 11.5
0.010 38 0.70 2.2 3.6 15 1.8 13
0.012 — 0.765  -—— 7.2 12 1.5 12
— 0.67 -— 3.3 15 -1.8 13

Sample p (ohm-cm)
(300°K) (77°K)
PA 7 4 2x10°
PA" 8 12 1x10*
PA 10 5.4 24
PA 6 3 1.55
PA 3 1.55 0.57
PA 12 0.68  0.20
PE 12 4.0 1.7
PA 13 0.59  0.17
d
b: This E

Calculated as discussed in text, with AEt = 2kT.
X

d

is the slope of ln R, versus 1/T at 200°K.

d:  x is the expoment of T in Qphonon o T

E, is the slope of 1n p versus 1/T at the temperature indicated :(except b).

SL



CHAPTER V
DISCUSSION AND CONCLUSIONS
Defect Model’

A review of the literature reveals surprisingly little attempt. to
correlate the low temperature electrical properties of rutile specimens
with progressively increasing vacuum-reduction states. Many investiga-
tors have reduced rutile in a vacuum, but only to obtain.'reduced"
rutile, and not to ascertain what graded.effect the reduction parame-
ters have upon the:physical properties. In this.study, using samples
cut from g single boule, and thus containing identical impurity concen-
trations, a systematic approach has been used in that several of the
properties of the crystals have been investigated for increasing reduc-
tion states. This chapter thus attempts to interpret the results pre-
sented in Chapter IV in light of the progressive reduction state.

0f particular concern-is the 'behavior of the resistivity curves
as they relate to different reduction temperatures. An explanation of.

the marked difference in behavior’between\PA-8 and PA 12, for example,
.is‘hard to reconcile with'a,éimple-increase'in defect concentration. .
From the spectrochemical analysis of the material used in this study,
the total foreign impurity concentration is estimated to be about
3 x 1017 cm—3. The majority of these impurities (Fe, Al, and Ni) have:
normal valences of less than four.: Electron spin . measurements on rutile

doped with foreign impurities indicate that they exist at substitutional
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lattice sites where they would be ‘expected to act like acceptors, On
this basis, the specimens discussed are assumed to have an acceptor con-

centration, Na’ of about 3 x 1017 cm—B;

Suppose, for the moment, that the only defect resulting from the

‘reduction process was a monovalent donor. Let’Nd represent . .the concen-

tration of these defects. The maximum number of extrinsic electrons

that could participate in a conduction process is N, - Na’ since Na.of

d
the donors are compensated by the acceptors, If the sample.is then
cooled, electrons become retrapped on the donors and the Fermi level,

Ef, approaches the donor level energy, E Thus the number of carriers,

dl
n, decreases exponentially with 1/T. This dependence could readily ex-
plain the behavior found for samples PA 7 or PA 8, but not.that found

for PA 3 or PA 12, If the only difference resulting from higher reduc-

tion temperatures is an increase in the defect concentration (Nd), then
the result is an increase.in n (= Nd - Na), but the temperature depend-

ence . of n remains the same, This is clearly not compatible.with the
results shown in Figure 13 where n for PA 3 is seen to break away from
a single slope below 150 OK;.

| Oxygen vacancies, of course, are expected to be divalent donors:
‘since an oxygen atom leaving the crystél leaves two electrons which in
turn can Become bound. to ‘the region in the crystal which energetically
favors a minus two charge (i.e. the vacancy). The case of a divalent
donor merits closer consideration because, qualitatively, it displays
a similar behavior to the n versus 1/T results found here. Consider

the following example of a divalent donor center with ipnization .ener-
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and E,, separated by several kI. Further.

gies E 42

and ‘EdZ’ with E

dl dl

suppose the level with energy'Edl lies closest to the.conduction band-

(see Figure.27A). Since these two levels are not independent, Ndl =’Nd2»

= Nd, the concentration of defects. If both levels were completely

- If, how-

ionized, and Na = 0, the carrier conecentration would be 2Nd.

ever, Na‘> Nd’ the upper level will be completely compensated by accep-

tors, and will remain empty at all temperatures.  In this case the Fermi

level will always be many kT'beiow Edl'

Conduction electrons can. only

arise from the lower level of:energy E This is, in essence, similar

d2°

to the previous example of the monovalent donor center, with Né =0, in

that . n varies exponentially with 1/T, as .conduction electrons are. re-

trapped in the lower.donor 1evel'(Ef x Ed) upon cooling.
If.Na << Nd’ conduction electrons can arise from .both levels at

éufficiently high temperatures, since the upper level is no longer com-

pletely compensated, and'n,='2Nd - Na z 2Nd. During the cooling process -

the lower level fills up first until .the Fermi level moves above this

energy, and in this case‘n‘=‘Nd —»Na 2 Nd and remains at this,value un-
til the Fermi level approacheS'Edl, The upper level is then deionized

énd‘as:T >0 oK, n = 0. Clearly,btwb distinct regions in carrier den-
sity are observed, n = 2Nd when both levels are completely ionized, and

n = Nd when only the upper level is completely ionized. The ratio of

these two carrier concentrations is two, and simple calculations show,

that for Na < Nd, by various amounts, this ratio is always 2 2. This-
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Figure 27. Energy Band Scheme and Carrier Densityﬁ
as a Function of Temperature for a
Simple Divalent Donor Model '
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problem of a divalent doner center with activation energies separated

by at least a few kT, and with Né =.0, has been solved by ChampnessS7.

The details of his calculations need not be given here because the sali-
ent features above indicate that this might be.an appropriate model for
rutile. Figure 27B qualitatively illustrates the nature of n versus

1/T for the two caSes.ZNd‘>-Na > N, and Na << N,

d d

curve is similar in

- The high temperature portion of the Na << Nd

st

behavior to the results shown in Figure 13 for sample PA 3. Hall data
on a high temperature (1000 0C) vacuum-reduced sample taken .by Becker.

and‘Hosler12 shows a behaviqr similar to the Né << Nd curve over . the

entire temperature range.- Thé'resistivity data on, say, PA 7 or PA 8,
however, looks like a single activation energy ié involved in. these
higher resistance samples. Again sﬁbstantiation is provided by Becker
and Hosler's data on an 800 °c sample. This is the behavior of the.

ZNd >»Na»> N, curve in Figure 27B. Qualitatively, then, it appears a.

d
divalent oxygen vacancy defect is compatible with the results of this
 énd other studies.

Several difficulties arise in the. adoption of such a simple model,
however. First of all, inspection of the results obtained for samples
reduced in a.vacuum.at'T >;1000v°C in this study, as we11”as for those
reported in the literature, reveals.:carrier density ratios corresponding
to the de-ionized level cases.thatj;éver approach the ratio of two,

which would be expected if Né << N, .as discussed earlier. Iﬁ.fact, at

d
room temperature complete ionization of all levels apparently does not.

occur since a constant n has not been observed in.this temperature

range, even in data taken up to .500 °C4. In spite of this, in the tem-
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perature region where n is temperature independent (about 30 to~80‘°K),
the carrier concentration is one to two orders of magnitude .smaller than
its room temperature value. Obviously, such.a ratio fits the model only

if Nd ® Na.

Secondly, a slight change in the slope of the resistivity curves
is observed even for samples PA 7 and PA 8, although these cannot be .
seen in Figure 11 because of the compact scale (see Table II). This

again agrees with a slight change in the slope of RH in Becker and

Hosler's 800 oC sample. This change suggests that there are two sources
of electrons even in the high resistivity samples.

Lastly, and most important, as pointed out in Chapter II, recent
studies support the creation'of a titanium interstitial defect during
the reduction process. Thus, it appears that any model developed to
éxplain-the electrical properties of rutile in terms of defects should
include titanium interstitials.

Considerations of these aspects have led the author to suggest a
model wherein both oxygen.vacancies and titanium interstials are created
simultaneously, with the interstitials most important in the high re-
dUCtion-témperature.samples and- the vacancies dominant for the lower
treatment-temperature speciﬁens;'“The feasibility of - this model gained
strength when Kofstad26 argued that at low temperatures and high partial
pressures of oxygen the principal-defect was an oxygen vacancy, but that
high temperatures and lOW’oxygen“ﬁartial pressures led to the creation
of titanium interstitialé. Kofstad's arguments were based on the de-
viation from stoichiometry of\feduced ceramic and crystalline material,

as reported in the literature. The receﬁ%fESR data of Kingsbury, et.

EL,ZS, is also of special interest. They concluded from their measure-
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: ‘ C o O . . ' ! -l‘ s
ments that below about 8 K an electron'ls.trapped'on'a'Tl4+ intersti-
3+ .

tial lon resulting in ; Iii

Suppose then, one . postulates the formation of tri<-and tetrava-
lent interstitial titanium ions (as did. Blumenthal, et. 31,13), in

addition -to divalent'oxygen vacancies.f,Thevreaction equations are:
N s 3 -
T10, ; Ti,” +3e +0,(q)
o N o 2+ -, 1
S.C. —— 0v + 2¢e + 3 Oz(g).
Application of the mass action law yields

0, = K

[Ti.3+] n3P
- 2 T 1

[Tii4+]"n

n
~
[T
/
H
He
He.

—/
o
N
+
—
N
s
1
~
N

In terms of this model the electroneutrality condition is given. by
n = 2[ov2+]-+ 3[Tii3+] + 4[T114+],

where Na is assumed equal to-zero, Combining_these'last*féur expres—

sions one obtains for the carrier concentration:
: -1
L, th, 4,
) + 3 +—.
9 n

3. BT
n = 2(K21_-“0

This expression can.be evaluated for n if the values of the rate con-
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stants K',‘Kl, and K, are known. ' From Appendix A the general form of

i 2

the rate constants is
K- = C exp (-AH/KT).

Blumenthal;.gg,.§£,13,'have’estimatéd;from‘their electrical conductiv-

- =9,1 eV, KOfstad25 determined

ity studies that AH 1

1 =-1,4 eV and AH
AHZ by thermogravimetric techniques and used the above mass ‘action

equations to calculate: the deviation from stoichiometry, x26. He

found the best agreement between his calculated value of x and existing

data . with:

K, = 9,5 x‘1024‘epr(—1.4/k?)'(cmf3)
Kl_ = 9.5'x11099‘exp (—9.1/kf) (cm-lzl-atm)
K, = 1.3 x~107q exp (-4.6/KkT) (cm-9 vatm%).‘
Using these.values,‘and‘assumipg‘Po2 = 10“9 atm‘(ﬁhich is in the range

of the present study), the previous expression can be:solved numeri-
:cally for n., The value of n versus 1/T found in this manner is shown
in Figure 28 as the solid line; The dotted lines:give the contribution
to n from each type of.defeetf(O&):énd’(Tii);r If ‘the estimated accep-

tor density of 3 xlO17 cmfsiis plotted on this same graph, one notices

that for a sémple heated at -850 OC; n(Tii) < Na < n(Ov), whereas at

1050 °c, N, < n(Tii)'< vn(Ov);f'Thus-the:increasing'importance of the

titanium interstitial ions can be seen; since in this 200 °c tempera-

ture range, n(Tii) increases by well over 2 orders of magnitude whereas
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n(OV) increases by less than ene-order of mganitude; It appears, then,

that this two-defect model might give qualitative agreement with the.
observed\low'temperature‘tesistivity‘and"Hall“measurements.
It is first‘necessary”tO'point'6ut"severaljdetails."It‘should be -

understobd_that1no’great'accuracy;iS'claimed;for“the*aforementioned-

. rate constants. Secondly, as discussed in. Chapter IV, the atomic de-

fects generated:in'the[reduction'prdcess ére;éssumed to be '"frozen' into
the lattice. Hence,'although'ghe'value'ofun in'Figure'ZS may change.
upon quenching the‘sample; thefconcen;ration of defects from which the .
electrons came is assumed’ to'remain constant, Somewhat surprising,
;hen,‘is the agreement between-the eqqilibrium:value éf n-as calculated
from this model and‘the'mégnitude“of;n'obtained'from room temperature,
Hall data taken in thié’study;' Coﬁsidering a 1050 °Cvsamp1e such as

PA 3 forbexample,‘these'valuesrafe'1;8»x11019 cm_3 and'l'xxlo19 cm-3,
respéétively. These resuilts would‘imply;that‘the majority of donor
defects are still ionized even:at room temperatureS“aﬁd"lend credibili=
ty to the proposed: defect model.

. Consider once again:two "donot:levels lying near-the conduction

band, the upper‘level'having"donor‘concentration’Ndi:and ionization

energy E nd'the‘lower'level“Nd and'E.,. This'is'clearly similar

a1’ @ 2 d2
to the divalent donor situation discussed earlier, with an important:
exception}» The two donar levels are now independent, and thus,

Na1 # Nd2’ 1f Eyy and»Ea2 are not too close in energy, one would ex-

pect to see a behavior"similar'to:thét"mentioned previously. - It will
become.apparent_from the following discussion that in this two-defect

donor model, the titanium interstitial donor level must lie nearest the
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conduction band.
~ The appropriate energy band-scheme is shewn'in Figure 29A. As
before, two completely different forms of behavior will exist depending

on whether or-not'Na iS‘larger‘orfsmaller‘than'Ndi;’ The two donor

~ levels have each been' tentatively associated with-an-atomic defect.

If.Na >.Ndl, the upper level will always be denuded of electrons even

at T'=0 0K, and the Fermi level will reside at E As the specimen

d2°
warms some electrons will be-excited from the lower level: into the con-

duction band and the Fermi level will ultimately drop below Ed2' At

higher temperatures, when ionization of the lower level is complete, n

reaches its limiting value,of‘Ndi +vNaé -"Na.’ This is the type of be-

havior found in the samples.reduced at 850"°C‘and'a:look'at'Figure 28

_reveals Na >n (Tii)'fbr‘these'samples;' This behavior is entirely

equivalent to the situation presented for a divalent oxygen vacancy

when Na>-Nd (Figure.27B).
If, on the otherihand;?Né'<fNai;f(e.g. a sample reduced at 1050

oC), at .absolute zero the lower donotr level:.is filled and the upper

leVel\contains’Ndli— Na‘electrons; and " the Fermi- level coincides with

Edl' As the temperature increases the upper level gives-up its elec-

trons to the conduction band-until this supply is exhausted (n = Ndl -

Na). No further increases in'n can occur until-the Fermi level has
dropped almost to the'energyiEaz‘whence'the;lower set-of donors begins

to lose electrons. At high enough temperatures n again-saturates at

N.. + N, - Na while E_ drops below E The behavior of n versus T

dl a2 f da2°
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is shown schematically:for the latter case in Figure 29B,

The preceding discussion can be expressed in a mathematical form
if one assumes each of the independent donor levels is monovalent. Ex-
pressingidensitieS'aS“Naj‘and'energies aS‘Eaj (with j = 1,2 in this
example) Blakemoreés‘gives“forfthe"densities*ef"ioniZed levels

.Ndj

v -1 - _
1+ By’ [1 + Fj] exp ((E; - Ey

™d,), . . o=
j“ionized j)/kT)

- where F, is a quantity representing the influence of any excited states

3

a\nd'Bj—l represents the spin degeneracy of the impurity level. The

conduction band electron-density must equal the sum of all ionized.

donors minus all electrons in compensating acceptors:

H | .
(m+N)=N +NF(E_/kT) = R
A Flies, ™+ r T e (5B ) /D).

If the Fermi level 1s several kT below the conduction band (i.e. Ef/kT

i
IR

< -2), then F%(EF/kT)"can'befreplacedjby exp'(Ef/kT) as was done in

Chapter.1I. The above expression then-yields-a cubic equation in

expf(Ef/kI) or n.

Clearly this model'iS‘consisfént"with thegeneral character of
observed resultS'and:with'the=rate“censtantstdetermined*by Blumental,
et. gi.lB,and"Kofstadze;"It*is*still'necgssary; however, to consider
the possible ionization‘energieSfef*the“suggested'defects, To a first
approximation, . donor energies are often calculated from-a:Bohr ioniza-

tion energy scheme which assumes that the domor is:a hydrogen-like
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center imbedded in a material-of-dielectric constant k with an electron

of effective mass'm*. This gives

. *
k2 m.

where 13.6 eV is-the;ionization’énergy.of-hydregentinta vacuum, If an
oxygen vacancy 1is cohsidered“tO“beja helium-like center (i;e.‘two elec-
trons),. one must consider-the first two ionization energies of He, 24.5
and 54 eV, respectively. The first four ionization energies of titan-
ium are 6.8, 13.6, 28,4, and"43.2 eV. Because k in rutile is aniso-
~tropic, .an average value must necessarily be used. Values of k used

in this tYpe of calculation“on-rutile have varied from- 25 (Reference.
9) to 114 (Reference 3).° Furthérmore; one is uncertain how to make a
proper choice for m*/m, 'Conéequently,"ioniZation“energies found. in
this manner are rather arbitrary, especially if the crystal has an
ionic character. RégardleSSiof'the values of k and m*/m used, however,
the six vacuum ionization'energies“quofed'probably reflect“the_ordering
of these energies in-the crystal, -That is, the energy necessary to
produce a Ti13+ is probab;y comparable to the energy required to singly

ionize an oxygep vacancy. On the other hand, more energy is necessary

to give an 0v2+'than a'Tii4+.

Kingsbury,'EE;_glgzs;"treat‘theﬁpotential“at"the“interstitial site
as the sum of ionic and-permanent-dipole-potentials: plus a lattice-po-.
larization potential."They’find‘that when these are considered, the
third and'fourth'electronjenergies‘of‘the'titanium become +6.5 and
-0.59 eV respectively, that“is;'gﬂe electronsfare?vgrj"lposely bound.

The actual numbers seem somewhat meaningless, however, in that the
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theory in this case necessitates tight binding, se~the most that can.
be said is that-the energies-are probably very clese to the conduction

band. Their‘implication;'then;piS“thathiio'and‘Ti 1+ are probably not

i
cfedible entities. ' Thig would-leave onévor; at most; two electrons
still bound to'titahium"interstitial“dohor states"for"excitation upon
temperature. increase,

Suppbse for the purpose-of illustration that the uppermost donor

3+

level is . a Tii-

whiCh can'be1ionizéd to a T114+ and that oxygen vacan-

cy.lévels (either one;or'two)'lie‘lower in energy. This model.gives.
the desired behavior;fisicénsistent;with’the ESR results of Kingsbury,
ggﬂrgl.zg, and'is als0"consistent“with'the piezoresistance results of
* Bir, et. gl;14. The latterfgrqup'suggeéted their results wbuld be com-
patible with a'mﬁltiple'donor-leQel model.

| It is still nécessary;ihowéve:; to donsiderthO'important'unan—
swered questions, 'First,'HOW"might'dne explain'the small changes in
slope of p.versus'l/T*with‘increasing‘féduction"state;'and‘secondly,
in "pure" rutile why does one not see a p-type character if there.
exists an excesé of acceptor levels over donor levels?

Considervthe'former'questien’first; As Table II shows (and see

Figure 11) the magnitude"of'E&fchangeS"from‘O;114 eV for PA 7 to 0.086

eV'fqr PA 8 to 0.033 eV for-Pa 10 at liquid nitrogen-temperatures. A
possible.explanation'of"thiS”iS that single isolated levels do not nec-
essarily exist alone,'but'thatﬁggditional;levels may arise from associ-
ation of‘defeéts,‘ For:example, one could have an oxygen vacancy, an
6xygen.vacancy aSsociated*with'a‘trivalent'impurity5,anzoxygen:vacancy

associated with a titanium ion on"afnormal'1at;iqé'site, etc. A purely
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qualitative argument could be made  that'changing the-concentration of
the parent defects'chaﬁgeSfthe'likeliheod'of"creating“associated de~
fects, giving the differentﬁaetivation‘engrgies"seen“infmeasurements.
Various types'of'aésoéiated‘defeetsihaveibeentpostulated to explain
experimental resultS"(e;g;;’Dominik;éﬁ&fﬂécCrone39’4o1or*Breckenridge
and,Hoslers). |

A somewhat more‘plaﬁsible’explanation'is that"given to explain
similar resuits in siliconss; where"thejionization‘energf of - impurity
centers was-shown'tO"decreasé'with increasing impurity-concentration,

1/3

N. In fact, the‘decreaseiin"Ea"is'propoftional'to N

, and these
findings have;bégn,interpreted‘as“being a result of the electrostatic
’ attraction of other donors for an-electron which has escaped i;s own
donor. One mightfhave,a‘similarfphenomeﬁon in‘rutile,:and in. fact,
this mechanism was' invoked-by-Acket and Volger;9 to'explain changes in
slope observed by'them"in*Hall“measureﬁents. -0f - course, the ionic.
charactef of futile“mayialso‘involve quite subtle effects.

Returning now to-the question of compensation in-"pure" rutile, it

seems that in.thejunreduced'state'(Na'='0)'rutile’should be a p-type-

éemiconductor since it has an inhérent'acceptor“eoncentration, This
behavior has never been'observéd"eXCept“for"specimens'highly doped with
acceptor-type impurities;"Forfekémple;fYahia;l‘observed a p-type
character in rutile doped“with'aluminum;“‘Clearly'then,,there must be a
donor concentration'present“even'in unréducedirutile'which is compen-
sated by‘the impurity ion"aceeptofs;'thuS”resulting‘inva'low conductiv-
ity in "pure' material: -As-mentioned in one'of the-earlier chapters,
there is just such;a'donor'concgntration,.resulpinge%roﬁ the incorpora-

tion of hydrogen. into-the lattice during the Verneuil growth process,
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The hydrogen.becomeS‘associated*with“an'oxygen7ion;and*can donate its
electron to the conduction band- (or be compensated by an agceptor).

,Hill's27

wotk indicates-that some- of-the hydrogen-diffuses out of the
sample if it is reduced.in*vaéuum; "In fact,;  the hydrogen appears to
leave as &ater:vapor;'takingﬁaqfoxygeniwith“it;"ThuS‘reduction in vac-
uum :at low temperatures (<'7OO'°C)‘essentially’replaceS'two moniovalent
donor impurities with a divalent donor defect, and.compensation still
occurs., Shannonzo'supports'thejconcept'that'hydrogen content can in-
fluence the creation of vacancies. |

To recapitulate:the‘baseS'of the’sdggested'mode1; it ‘supposes two
types of major defects exist. ‘Donor levels lying nearest to the con-
duction band result from-partially ionized titanium-interstitial de-

: fects, in-particular'Tii2+ and Tii3+ which can in turn be ionized to

the 3+ and 4+ states, respectively. Lower lying are the donor levels
resulting from the‘oxygen‘vacancy'chcentration."Frqm the resistivity
-and Hall results found here, and-also from those: of Becker and Hosler,
it appears that the-interstitial-donor levels-lie-at-about 0,01 eV
below the conduction band; and-the-oxygen vacancy level(s) lie lower,
at about 0.05 to 0,1 eV, "It is assumed that these energies are depend-
ent upon the defect concentrations and that conduction takes place in
the 3d-band of titanium: Oxygen:vacancies are:identified as the major
defect resulting"ﬁrpm‘1ow“tempeféture'(850:°C)‘vacuum reductions, with
any interstitialS'being"completelj compensated by acceptors, - At -higher
reduction temperatures;"both“typeSjbg defects,are‘present and compensa-
tion becomes negligible;*'An\exampléxéf a simple'energy"scheme, assum-
ing no associated defects;{is<shown’for representative samples PA 8

(lower two levels only) and PA-12 (all levels) in Figure 30. . This
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Figure 30. Possible Energy Band Scheme in Terms.
of the Oxygen Vacancy and Titanium
Interstitial Donor -Levels,
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scheme employs the conventional methed of representing-divalent donor
centers (Reference 45, pg.-157). The ionization energies are expressed

3+

in eV. The energy'required“toﬂiohiée‘the-Ti 2+’donor‘"leve].. (to a Tii )

i
is uncertainvand“is accord1ng1y'labeled‘with‘aiquestionimark. Hasiguti,
et. g;.g, have‘reported"an“activation‘energy"of'about:O;OOSIeV at tem-
peratures beloW‘4:°K and"thiS'conceivably?could‘be‘associated with the.

Tii2+ level. Their-crystals, however, were reduced in hydrogen and may

not be representative"of’thejsampies (and model) described here.
In Figure 30 the assigmments for the valence.states of the inter-

2+

stitial levels (Tii ahd‘Tii3+)‘areibased’solelY on the conclusions

of recent studies by otherfworkerszs’which'favortthese levels, as

0 1+

opposed to the Tii and"Tiij'.' This scheme thus tacitly assumes that

the Tii0 and.Tiil+ levels-lie even-eloser to the conduction band and

are compensated at all-temperatures. ~It should 'be noted; however, that

the model is equally‘valid‘if‘the"chéices of;TiiO'and'Tiil+ are made in

place of those:lévels“shownfon Figure 30. "In this-case, the 2+ and 3+
levels-wogld lie even lower-in-energy, perhaps-in-the-range of the
oxygen vacancy levels or-below.  This would, in part, explain the large
discrepancy between the energies found By Blumenthal,'gg. §£.13, and

17,28

those implied by the results of the ESR groups’ ‘who all claim to

see. a Ti b+ level becdming‘a“Ti

. S , . ,
i or vice versa. Of importance in ex-

i
plaining the experimental results, however, are upper levels arising
only from the interstitial-defect. ~Some of these are necessarily com-
pensated by acceptors'and”the’remaiﬁing'electrons*from“these levels

govern the low temperature-electrical properties.
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~" Thermoelectric Power

Therresdlts of the thermoelectric power data presented in the last
chapter clearly indicate’the importance of pheonon-effects. The elec~

tronic cqntribution;"Qél'calculated”from'the‘expression”giventin Chap-

ter II indicates that phonon effects-are important-even-at:temperatures

higher than 100 ngv The basis-of-the calcuiation“of Qeis of course,
depends upon-the‘value'chosenffor‘AEt.' Although" 2kT was used in this
work (lattice scattering); it must be remembered:that-the value of Qel

was fitted to the'experimental"data at- 200 °K. "Consequently, changing

AEt from 2kT‘to/4kT"(ionizedfimpurity scattering)“doesinot affect the
. calculation of‘Qel‘but'does”have*a“considerable'effect;on m*/m, de-

creasing it from 28 to:about-8 for sample PA 3.
The mobility results“on‘thiS'sample (Figure 14) are not compatible

‘With simple lattice’scatteriﬁg;“which"ﬁiédicts'uaT'l’S; For sample

PA 3, uaT-z's.;’The'mobiiitieS'ef’many"semiconductbe“sho& a_T_z'to T"3
dependence, and multiphonon-processes- (intervalley scattering) have
been proposed to explainitﬁéée results6o.' Intervalley scattering may
be a possibility in rutile-sinee Bir, et. 51314; deduce from their.
piézoresistivity studies- that the minimum in the‘conduction band . is

located on the kz axis and-that the band is not degemerate. For this

type of scattering, the;valﬁe*bffAEt‘<‘2kT36.‘ Lack of ‘precise knowl~

edge of the scattering mechanism; then, precludes an' accurate evalua-

tion of AEt, and therefore"of"ﬁﬁym;"Nevertheless; the values found for

m*/m in this study (25 to 40) are in good agreement with those found by
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Breckenridge'andtHoslerB"an&iFrederiksezﬁ""The”large“magnitudes imply
that the bandbin'questionTis‘narrow;'aﬂdfthus*strengthen“the.argument,
for the 3d-conduction band: "It"must-also be remembered that the value

of m*/m‘used»in‘calculating“Qéijwas"considered"to'be‘temperature inde-
pendent.and'from“this“standpoint"the’magnitude"of?Qé1"can only be an
estimate. Consequently;'Qbh'plots;(Figure‘21)'must"reflect any_Qel

uncertainty. Of'major-cohcern“in’Figure'21,'however,'are'the slopes:

and the relative magnitudeS‘of'Qbh"for'the samples in‘various states

of nonstoichiometry.

Since Herring'svexpression546*cannot‘be solved explicitly for Qph

magnitudes without more information about relaxation times, it is dif-
ficult to quantitatively interpret the above ' results in the light of
his theory. The salient feature; however, is the observed decreasing

magnitude of QPh with'increasingiréduction'state; Since. variables such

-as sample dimensions;'fqreignhimpurity content;“and“orientations‘ére‘
the same, the only-variable-whiech- can account-for this behavior is the
increasing defect conCeﬁtration'as"one‘goes'from PA'6-to PA 12. The
reason for the importance"of“thiS“factor’ariseS‘from"Herring's point
that if the carrier density-is large enough, the thermal conduction
current carried by‘the'lonngavelengthxphonons”in‘a'temper#ture gradi-
ent will bé decreaéed’due"t0"interactions;of the carriers with the pho-
nons. This, in_turn, regsults in less phonon;dfag'on”the carriers than
they would experiénce'if'the‘c#rrier;concentration were small,

Figure 19 or Table‘II:alSQ shows‘that'theblpw tempéréture maximum.

in the thermoelectric-power shifts to higher temperatures with increas-
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ed reduction. ‘Comparisons*efrehéseftemperatures“withithose‘at the max-
ima of the thermal'conductivity;curVeS"show*that"the‘two“nearly coin-
cide. Aséﬁming only'bqundary‘scgttefing;‘one"would‘expect'the maximum
in the thermoelectric power to-occur at-a higher temperature than the
maximum for the thermal conductivity since only long wavelength phonons.
are’assuﬁed'to,bE'important"in“thefformer‘case,’ This-is consistent -
with sam?le PA 12 where'nméi occurs“a§ about 12.5 °K and Qmax near 15

OK; Lightly-reduced samples such as PA 6, however, show the opposite

tendency iJlthatQmax‘is:at 10 °k and kmax:at 12.5 °K.  Thurber and-

iMante's36 vacuum-reduced saﬁple is similar in béhavior to PA 6 and its
Q-curve also peaks at 10 QK.~'

At first glance, the shifting of the maximum -might-be thought to
. be.a consequence of pﬁint“defect scatteriﬁg. However, the phonons
which are cohsidered:to*be;important'in the thermoelectric:power—-the
phonon modes with small-values of E—éare not expected to be.strongly.
séattered by impuritieS"since5the'relaxation time for-this mechanism
goes as_w—4. As Griffin“and"Carruthers6l have pointed out, scattering
by bound donor electrons, on-the:other hand, would be expected to be
an important mechanism'for"preferehtially‘scattering"low E”phonons. if
this were the case, one might expeect the combined effects of boundary.
and bound donor electron scattering to shift the maxima of the Q-curves
to higher and.higher"teﬁperaﬁureS"aS"the'number of donors  (or as the
‘redﬁction state) increases;"Unfortunately,'éven an estimate of the
form of the phOnon—bound donor‘electron”relaxation'time“is difficult
to ascertain for rutile without a more;detailed_knowledgéiof the band

structure. Gl
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One also expectS"the;slopefof’Qph'versus"T‘above the maximum to

decrease with increased carrier concentration and this is observed in

Figure 21. As mentioned previously, Gashimzade;“ggk‘gl;Sl predict a

T—3'5

value of.Qph o InT for a c~direction. In the temperature range

0,3

30 to 100 0K, 1In T'goesiﬁéarly"as-T so that the temperature depend-

ence in the c~direction is about T . From the changes in slope seen

from Figure 21 (2.2 to 2.7) it is certainly conceivable that a '"pure"
sample might  approach this value,

On the other-hand, Herring‘sé6’semiquéntitative"treatment yields
Qph o 1T/uT, (for a cubic structuré); Taking T a T-4 and uaT-l'S,

-Herring obtained the reéult'QPh o T-3'5. The mobility shown in Figure

and not Tfl's. If

in fact, one‘useS‘the‘Qalue‘paTTz's“in'Herring’s expreséibﬁ; QpharT_z's,

.

14, and discussed earlier, however, goes as T

in excellent agreementfwith"the"experimental“slope*for sample PA 3.

At very low temperatures; one expects the only scattering mecha-
nism to be that of'ﬁhe“sample"boundaries;"'In‘thiS'case“the relaxation
time is temperature independent:and one only needs to  know the tempera-
ture dependence of the mpbility,  This-has not been obtained at low

. , . -1,5
temperatures in the present-work, but:if one-assumes the value T s

TO.S

as did Herring, Qph o ., Values calculated for the wvarious samples

where Q-data below the maximum could be obtained are given in Table

III. As mentioned in ChapterNIV;"the'uncer§§inty in. the measurements
below 10 °K is about * 20% and this means aiéérfééponding‘uncertainty
in the slopes in Table III. The values at 9 °x are in good agreement

with a predicted value of T . However, the slopes at:7 °k would im-
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- TABLE IIIT

TEMPERATURE DEPENDENCE OF THE THERMOELECTRIC POWER
" AND THERMAL CONDUCTIVITY BELOW 10 °K

X in Qph a T y in K o 7y
Sample 7 %k 9 % 7 %k
PA 13 | | 077 0.56 | ——
PA 12 | R 0.69 0.51 1.68
PE 12 ' L meee 0.50- -——
P 6 o | 2.34
PA 10 | - 2,45

ply that an additional mechaniém must be introduced to explain the
faster drop in Qph:than that predicted by simple boundary scattering
with p taken proportional to Tfl's.

In retrospect, while'qualitative explanation of the experimental
resulﬁs is reasonably'satisféctory; present concepts of: the phonon-elec-
tron interactions involved iﬁ thé‘phonbn—d;ag efféct are not well enough

defined to provide estimates of magnitudes of this effect, nor predict

conclusively the nature of the temperature dependences.’
Thermal Cohductivity

Table III also gives the temperature dependence of k at low tem—
peratures (7 oK). These results ate again not compatible.wifh a simple

‘boundary scattering mechanism which predicts k o T3; ”The“decrease'in
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the slope of K with increasing reduction state suggests-an increasing
importance of point defect or isotope scattering, since this mechanism
‘is important for the high E phonohs. More will be said-on this point
later.

Unlike present models‘of the phonon thermoelectric effect, thermal
conductivities can be treated in a somewhat more-quantitative fashion,
using the expression given by Callaway which was discussed in Chapter
II. Some of.the thermal conductivity results shown in Figures 24 and.
26 have been fitted using his expression by assuming a form for the

relaxation time as.

a b 2,3
Te = vc/L + Aw + Boexp(-e/EI)w T .

The origin of each term has already been briefly described, but it is
still necessary to discuss the constants as they apply to reduced ru-
tile.

The length parameter, L, can be calculated from the éxpression53

i ‘
L= 1.12v(L1L2)2, where L is the cross-sectional area of the speci-

172

 men. For sample PA 12 this yields L = 0,229 cm. Berman, et. 31362,

have pointed out that this parameter should depend not only on the
cross-sectional area, but on the specimen.length and the nature of the
surface as well, e.g., whether the surface is polished or rough. All
specimens used in this study had rough surfaces resulting from the.
cutting and lapping operations, Taking this fact and the distance
between probes into account;yghe.Berman correction reduces L by about
35%, to 0.150 cm., This is th;}value used in the boundary scattering

term of the total relaxation time for samples PA 12 and PA 3. The low

temperature data of sample PA 6 shown.in Figure 26, however, were taken
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after thie specimen had been cut 1engthwise»to_determine"specifically
the:effects of bqundary scattering., For thisvreasonvthe magnitude of
i:used»in the K—ﬁalculationsvfof this-specimen:was 0.125 cm- (the uncor-
rected value was 0.17 cm).

An average value of the sound‘Velocity.is required in. the Callaway
éxpression‘since;1ongitudina17and transverse médes are not treated
separately. = For the c-direétion in rutile this can be defined as’

. 1/vc_= 1/3(2/vt +”l/vl)' Lange63'has recently measured the sound ve-
locities for reduced and;unredﬁqed‘material; and found them to be in-

dependent of the reduction treatment. Using his values.of v, = 10.66

X 105 cm/sec and v, = 5.50 x 105 cm/sec, the value of'vc is calculated

to be 6,55 x 10° cm/sec..f

According‘to Klgmen554, the constant A in the point defect scat-
tering term of the total relaﬁation time, may.bevexpresséd as
A =v(3VOSZ/nvc3G), where G-l is the number of défects'per.unit cell,

Vo the unit céll leume, and Szya scatfering factbf. Specifically, S2

involves changes iﬁ.the masses, nearest neighbor distances, and force
constants within the -unit cell, upon introduction of an isotope, im-
purity, or other defect. In a sample containing point defects (vacan-
cies or interstitials), foreign impurities, and isotopes, one must cal-
culate three separate values of A, and then sum these values to. obtain:
the A used in the tata%grelaxation time.

By measuring the thermal conductivity on.their reduced sample and
 measuring it once more after reoxidation, Thurber and Mante36 claim

they were able to separate out the effects due. to pointEdéfeCt scat-

tering. This eﬁabled them to estimate Sz'in reduced rutile as being of.
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3

the order unity., Using the wvalues Vo = 6.25 x 10723 cm » V, T 6.55 x-

105 cm/sec, and S2 = 1, and expressing the defect concentration,,Nd, in

numbers per cm3, one finds A(sec3) = 1.3 x 10-62 N On the basis of

d.
the carrier density curves calculated from the proposed defect model

(Figure 28) one may estimate a value for N, if the specimen in question

d
has reached equilibrium during the reduction process.  Thus for a 1050

°c sample such as PA 12, N :»n(0v2+)/2, or N, = 8 x 1018‘cm—3, This

d

d
gives an estimate of A as 10—43 sec3. Comparing this value with that

45vsec3), one might

found by Thurber and Mante for unreduced rutile (10~
conclude that point defect.scattering should completely overshadow iso-.
tope and foreign impurity scattering in reduced material.

Consider, finally, the term of the total relaxation time which
pertains to phonon-phonon interactions. If umklapp processes were the
most Iimportant scattering mechanism, one might expect to see an expo-
nential behavior of K with temperature. This type of behavior was ob-
served by Thurber and Mante in "pure" rutile at temperatures higher
than 25 oK. Such a dependence was not noted in the results of the
present study, however, probably because of the high defect concentra-
tions, and for this reason the exponentia; factor was absorbed into

the proportionality constant. This in.turn. eliminated the somewhat

arbitrary choice of a. The relaxation time for phonon-phonon inter-

ph =,Bw2T3, which is the form used by Callaway

actions thus becomes T

in describing umklapp processes in germanium. This is, of course, also

the form of the relaxation time commonly used to describe normal pho-

non-phonon processes, In this sense, B is the sum of the proportional-
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ity constants for the two different phonon-phonon mechanisms and hence,
cannot be conéidered solely répresentative of the strength of either
one.

Using the values of L and A mentioned earlier for sample PA 12,
and assuming a value for B, an IBM 360 computer was: used to generate
a curve by numericélly integrating the Callaway expression. The value
of the Debye temperature in the upper limit was taken to be 530 °k
- after Thurber and Mante, . The value of B was varied to obtain.a fit to
the data at the higher temperatures (40 to 50 0K)‘. "It was necessary to
decrease A about 20% from: the estimated value in order to bring the
computed curve into agreement with the data at the maximum. Once a
value for B had been established in this manner, curves for samples
PA 3 and PA 6 were generated using essentially this same value of B and
varying only A. |

To estimate the effect of the separaté parameters‘upoan, each
was varied separately, and the behavior of k noted. This revealed that
for these samples, L is important only below the maximum as expeéted,

B is important above 25 oK, and A is-importént over most. of the temper-
ature range, but is most.prominent at the maximum, The results of the
computed curves are shown for three samples in.Figure 31, together with
data points for comparison. The éarameters L, A, and B used in the
computations are listed.in Table IV,

With reference back to the opening paragraph of this section, one
notes on Figure 31 that the data, at the lowest temperatures, fall be-
low the computed cur;;:f The values of A and L could not be adjusted
to fit the data at these temperatures, making it appear that an addi-

tional scattering mechanism--unaccounted for in the form of the total
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relaxation time used«=-~1is- prebably important below the maximum. This
behavior is consistent with that observed in,the‘thermoelectfic power

at -low temperatures.

TABLE IV

PARAMETERS USED IN THE CALCULATIONS OF THERMAL  CONDUCTIVITY

Sample L(cm) “A(Sec3) B('OK"3 sec) Nd(cm"3) 'Nd(est)

PA 6  0.125 1.5x 107* 3.0x102%2  1.1x 108 1.3 x 1018
PA 3 0,15 3x 107 3,5x1072%  2,2x 108 3.3 x 108
PA 12 0.15 8 x 1074 22 18 8

3.5 x 10 6 x 10 8 x 10"

- 8ince all crystals used in;this,investigation were cut .from a
single boule, and ‘were essentially the same geometrical size, oﬁe would
expect that only chanées in the veriable-A would be required to explain
the experimental~decrease’in the magnitude of k with increased reduc-
tion state. That this ie indeed the case--as deduced from the .theoret-
ical curves-~can be seen from,Teble IV. . One notee;that_B is essentiaif

ly the same for all samples, while A varies from 8 x,lO"-44 sec3 for

44

PA 12 to 1.5 x .10 sec3 for PA 6, The defect concentrations,‘Nd, as

calculated from the expression A = 1.3 x 10_'62 Nd are also included in.

obtained by a completely different ap-

Table IV, and estimates'of Nd

proach are presented in theelastvcolumn (Nd(est)). This latter value

for PA 12 was determined from Figure 28 as mentioned earlier. However,

for samples PA 6 and PA 3 which were not reduced long enough for the
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defect concentrations to redach the equilibrium values estimated on
Figure 28, an additional assumption was necessary, One observes from

this figure that the ratio n(Ov)/n(Tii) is about 22 for an .equilibrated

1050 °c specimen. If this ratio fs assumed to be independent of time,
at least for times long after the start of the treatment, one could de-

termine n(Ov),‘and thus Nd (:,n(Ov)/Z), if the value of n(Tii) were

known. According to the arguments‘given in the first part of this
chapter, one does know this value. It -is the nearly éonstant portion
pf the n versus 1/T curve (Figure 13 for sample PA 3). That is, in
this temperature,range (~ .50 0K), the energy-level model assumes that
all donor levels arising from oxygen vacancies are full and the conduc-
tion electrons arise‘from-the ionized titanium interstitial donor
levels. Hence n(Tii) is given by 3[Tii3+] + 4[Tiia+] - N_, or from

v 17 |

Figure 13, n(Tii) = 3x10 cm-3 for sample PA 3., This leads to an

estimate of Nd as 3.3 x 1018 cm-3; compared with-2.2'x-1018 cmevas de-

termined from the thermal conductivity results. Similar arguments for

18 cm_3 (versus 1.1 x\lO18 cm—3).

specimen.PA 6 give Nd(est) = 1.3 x 10
The agreement between the two values of'Nd as calculated by completely
independent approaches argues strongly for the validity of the model
proposed earlier.

Anisotropy

The anisotropy ratio of KE/Ka shown in Figure 25 is clearly in.

agreement with that found for "pure" rutile by Thu;bér”and Mante,

They attributed the decrease. in the ratio mear 25 °K to the onset of
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point defect and boundary scattering, and the constant'value below 10
°k to pure boundary scattering. If the first part of their interpreta-
tion is correct; it is indeed surprising to see a similar behavior in
strongly reduced material where point defect scattering is prominent

36

well above 25 OK. The reader is referred to the work of these authors

for their qualitative arguments concerning the behavior of hc/na. In

general, the thermel conductivity (and thermoelectric power) anisotropy
in crystals is not well understood.

| The nature of the anisotropy of the thermoelectric power is shown.
in Figure 23. This curve actually plots the ratio of the total ther-

moelectric powers (Q . + Q ,) and thus one expects to see.a large de-
el ph

viation at high:temperatures (> 100 oK) from the 1nT dependence pre-

dicted by Gashimzadesl'since Qel»is prominent in this range. The elec-

tronic component is small-at low temperatures, however, so in this
range the ratio is assumed representative of the phonon contributions
only. Hall measurements were not made on the a-direction sample (PE

12), and hence Qel could not be evaluated for it directly. Using the
Hall anisotropy ratio Rc/Ravas-a function of T given by Becker and

Hoslerlz'(which they found to be independent of the reduction state),
an estimate of n versus 1/T was made for PE 12 and a rough value of

Qel was obtained. Subtracting the electronic.components from PA 12
and PE 12 shifts the ratiO'Qé/Qavin the temperature range 50 to 100 °k

into good agreement with the 1InT curve shown in Figure 23. No unam-
biguous explanation for the behavior observed below 25.°K is available

at this time.
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Summary of Conclusions

(1) A model is presented which supposes that two types of de-
fects ére‘created during the vacuum-reduction process and that these
defects are '"frozen'" into the specimens during a rapid quenching
period. The defects are oxygen vacancies and titanium interétitials;‘
Following low reduction temperaﬁures (800 oC), the -interstitial de-
fects are present iﬁ.negligible amounts and have little effect on the
electrical properties of the material. As the reduction temperature
is increased, the interstitial defect concentration increases much
faster than the oxygen vacancy concentration., As a result, the titan-
ium interstitial defects play an ever-increasing role in the electri-
cal properties. At»sufficiently high reduction temperatures (1000 °C),
when the ddndr level concentration arising from the interstitial de-
fects is greater than the acceptor level concentration arising from
foreign impurities, the electrons from these donor levels completely
dominate the low temperature electrical properties. .

The important feature is that a titanium interstitial level,
which is not completely compensated, lies above the oxygen vacancy.
levels. From measurements of the electrical properties, no assignment
as to the valence state of this level is possible. - Recent ESR

Studiesza, however, imply that Ti: and Tii+ levels cannot explain the
. N 2+ 3+ .
results of these investigations and hence Tliv and Tlib levels are

assumed to be the important onmes. On this basis, the first two elec-
trons removed from the interstitial defect must be located on accep-

. . . .2+ . .
tors. The energy required to ionize the Tli+ donor level is uncertain,



109

but is probably around 0.005 eV, and the activation energy of -the Tii+

level is determined to be ~ 0.01 eV. The éctivation energy for re-
moval of the first electron from the oxygen vacancy is found experi-
mentailyvto:be,about,0.05 td 0.09 éV. Tonization of the second elec-
tron from the vacancy requires energies of ‘about 0.07 to 0.1l eV, that
is, this level lies ~-0.02veV*lower than the .first level. All activa-
tion energies are assumed to be dependent upohvthe concentration of
defects.,

This model is consistént witﬁ receﬁt studies supporting the con-
cept of a,titanium.interstitialjdeféct and qualitatively . can explain
the behaVior of the electrical properties determined»in=this study as
well as those:obsefved by many others.

(2) A very large phonon contribution to the thermoelectric .power
is obéerved.. This effect increases with decreasing temperature,
eventually reaches a maximum in.the temperature range 10 to 15 OK, and -
then decreages. The magnitude of this phonon contribution is clearly
depéndent upon the number of-boint defectS'generated during the reduc-
tion process. This is a consequence of phonon scattering by carriers,
by bound donor electrons, or perhaps even.by point defects. Unfortun-
nately, no present theory of this effect caﬁ predict magnitudes or tem-
.perature.dependences'conciusively.

(3) The thermal conductivities of heavily reduced samples are
strongly influenced by point defect scattering in the temperature
range 10 to 50 °&. At low temperatues, k falls off'more"répidly than
that predicted from a Callaway expression using‘point deféct.and.
boundary scattering relaxation times only. This suggests that an addi-

tional scattering mechanism is present in highly reduced material.
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(4) No appreciable size effect was noted in either the thefmal
conductivity or the thermoelectric power for sample PA 6. In additiom,
the_maximum valueS'invthe Q;and‘k-curves for each specimen occurred at
approximately the same temperature. These two results would imply that
nearly the same group-of.phonqns are influential in bo;h'phenomena.
Inspection of the computed curves for the thermal conductivity reveals
that actually this is not a surprising conciusion in view of the strong
effecf‘of pdint defect scattering on this parameter. Since this scat-
tering mechanism strongly scatters phonons of high E, the low Z phonon
modes play a more prominent fole in carrying the thermal current than
would normally be expecfed.

y
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APPENDIX A
POINT DEFECTS

There aré-generally considered to be six primary tyﬁes,of defects
'which may occur in a crystélline solid: phonons,‘dislocations, foreign
atoms, excitons, vacant lattice Siteé'or interstitial atoms, and elec-
tronic disorder38. Only . the last‘tﬁo types will be considered here.
;uiThe effects=§f-phonon interactions are discussed in}Chapter IT in rela-
vcion to the thermal conductivity and thermoelectric power..

In treating crystals with vacancies and/or interstiﬁials it is
necessary to specify Vhether stoichiometry is preserved. For example,
heating the_hypothetical crystal MX to high temperatufes may - result in

a concentrgtion of M . interstitials, [Mi]; togéthér»with an equal number
of metalivacancies, [ijf(Frgnkéi defect), Another possibility might
be vacanﬁ‘cationfsites,”[Vm], together Qith an equal number of vacant.
anion sites, [Vx] (Schoﬁ;kj-ngner defect). Combinations‘of these can

also occur, bﬁt 1n_apy event the important feature is ﬁhat.sfoichiome+
try is_maintéined. Cne‘example of a process in which stoichiometry is
not . preserved might be heating MX in an ambient atmosphere of M vapor
so that M ions enter the lattice in interstitial sites.

The previous examples:réﬁresént cases of ‘atomic disorder. There
- also gxists the possibility of electronic disorder which may or may not

depehd on the atomic disorder. A semiconductor in its intrinsic region
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presents an example of electronic disorder not iﬁvdiviﬁg atomic dis-
order. On the other hand, vacancies or interstitial atoms within a
crystal can act .as donors or acceptors and thus also give rise to elec-
tronic disorder.

The semi-quantitative treatment of the concentrations of atomic
and electronic‘defedts'stgms from the application. of the law of mass
action. In view of the importance.of this law, a simple derivation
similar to th#t given by Kréger and Vink38 is presented below to.intro-
duce terminoloéy-and‘to clarify the relationships between.parameters.
Consider, for example, the reaction involving the creation of M inter-

stitials and M vacancies in the crystal MX:
—n

In this expression § is the molar concentration of the defect and it is
assumed that § << 1., Now, according to thermodynamics, at equilibrium

the sum of the thermodynamic potentials, ui, of reaction partners i on

the left side of the reaction equals that of the reaction partners on
the right hand side. Treating those on the left as negative and omnes
on the right as positive,

oy = 0.
1

Here ny is the number of atoms i taking part in the reaction. Treating

the atoms as statistically independent, and considering only small con~-.
centrations it can be shown (e.g. van Gool64) that the thermodynamic

potential Hy is a function of the concentration X of component i, that

is
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My = (ui)o + RT 1n Xy

where R is the universal gas constant; xi'is expressed’ in mole frac--
‘tions, and (ui)0 is the thermodynamic potential of i under standard
conditions (T = 25 OC, X, = 1).

Combining these last two expressions

§~niln X, = - E ni(ui)o/RT
- 0 - -
or _ =i = exp ( I n, (1) /RT).

The thermodynamic potential of i, however, can be expressed in terms of

the partial enthalpy, hi’ and "partial entropy, ;s through.the Gibbs

function:

My o= hi - Tsi.

This yields upon substitution

.ﬂ.xin:.L = exp (E.ni(si)o/R).exp (-Ekni(hi)b/RT)

=. Cexp(-AH/RT)

= K.

This last expression is the law of mass action, with C a constant
involving the entropy change in the reaction and AH the energy involved.
in the reaction. In terms of the example cited earlier, then, at any
temperature T,

[Mi][Vm] = constant.
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Because it .is assumed  that the density of imperfections.is.small (8<<1),
the concentrations of the‘normalfcrystal components are . assumed con-:
stant, and hence do not appear in the law of mass action. Concéntra-
tions may also be expressed in numbers per cm3.

The applicability of this technique to a real crystal necessitates
a knowledge of the type of defect as well as the ability to experimen-
tally determine the constants C and AH, procedures which in practice

are usually difficult.



APPENDIX B
POTENTIOMETER CIRCUITS

The circuit diagrams for the potentiometers used with the low tem-
perature resistivity and Hall effect sample holder are shown in Figure
32, and the components are listed in Table V.  These circuits are simi-
lar to those of Fischer, Greig and Mooserss.

The potentiometers A and B were only used to supply.a constant
voltage and, therefore, did not:require calibration, In the calibrated
potentiometer, the current through the potential divider was drawn from
either battery B

or B, and calibration was performed by adjusting R

1 10

2

or R11't° obtain the desired current flowing through the ammeter, A.

Depending on the position of the switch S this current was either 10

4°

ma or 0.10 ma, resulting in a potential drop across resistor R, of 1,

1
-1 -2 -2 -3 -4 .

10 7, 10 © volts (10 ma) or 10 =, 10 ~, 10 ~ volts (0.10 ma).° This

potentiometer was calibrated against the Leeds and Northrup K-~3 or the

Keithley 149 and was found accurate to better than * 1% on the higher

ranges and about * 57 on the 0.1 mv range.
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Potentiometers A and B

~ Calibrated Potentiometer
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Figure 32, Circuit Diagrams of the Potentiometers Used in the Low Temperature Resistivity and Hall

Effect Measurements
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TABLE V

PARTS LIST FOR POTENTIOMETERS-

121

Component Value? Manufacturer
A Wesﬁon Model 81 .
Rl 100 Borg 205
R2 20 . Baurnes 3053
R3 1 IRC WW4J
Rﬁ,R7' 50 Baurnes 3053
R5,R6 50 IRC WW4J
R8 500 Ohmite Cu 5011
R9 5 x 103 Ohmite Cu 5011
RlO 100 Baurnes 3400
4
R11 10 Baurnes 3400
Rl2 104 IRC WW4J
R, 2.5 x 10° IRC WW4J
R14 103 General Radio 510D
R15 200 IRC WW4J
R16 25 Borg 2251B
B, B, B 1.456 Mallory RM 12
1,72,74
B3‘ 28.0 (4) Mallory RM 413
81_4,89’810 Shallcross:2J56A6-1
85 S6’SS Cutter-Hammer 8376K1l
,
S7 Shallcross 1J54A6-1

a . .
Resistances in ohms, battery voltages in volts.
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