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The diffusion of carbon in single crystals of the compound TiC, (x ~0.9) near 2000°C is
shown to be influenced by the application of an electric field. This effect, electromigration,
was studied using the electron probe microanalyzer to determine the carbon concentration pro-
file. The effective charge Z* of the diffusing carbon particle was found to be positive. How-
ever, Z* includes both an electrostatic charge Z and aterm resulting from momentum exchange
withthe current carriers. It is arguedthatthe momentum exchange term is small because the
carrier concentration is low compared to most metals, and negative because the carriers are
predominantly electrons rather than holes. Hence, the observation that Z* is positive indi-
cates that Z is also positive. C thus diffuses as a positive ion in TiC, though at a lattice site
it may appear negative, as has been suggested by recent energy-band calculations and by elec-
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tron spectroscopy and x-ray experiments, because of the overlap of Ti wave functions.

Anaverage

value for the energy of motion of C (vacancies) in TiC, of 4.8+0.5 eV/atom was also obtained.
This value is consistent with the results of Sarian on tracer diffusion of C! in TiC, crystals.

I. INTRODUCTION

The cubic transition-metal carbides are complex
solids combining ionic structure, metalic conduc-
tivity, and covalent strength.!=® The nature of these
isomorphs of the alkali halides is further compli-
cated by the ability of the carbon sublattice to ac-
commodate up to 50% vacancies. Despite the intri-
cate combination of physical properties exhibited
by the carbides, recent research has provided a sub-
stantial foundation on which to build an understanding
of their character. Investigations of transport prop-
erties have found a high metallic resistivity that
suggests the existence of a low density of electronic
charge carriers, as well as demonstrating the im-
portance of electron and phonon scattering by C
vacancies.®” Studies of the great strength of the
carbides indicate that this property is intrinsic and
results from exceptionally strong atomic bond-
ing.%®° The unusually high melting temperatures
which are characteristic of the carbides are also a
result of this strong bonding.! For a deeper under-
standing of the properties of the carbides, a more
detailed interpretation of the bonding must be given.

Energy-band calculations can yield predictions
of the spatial distribution and angular momenta of
electrons in a solid and, consequently, can lead the
way to an interpretation of bonding. Several energy-
band calculations for TiC have been published re-
cently.'®"* Although all the calculations give sim-
ilar spatial distributions of electronic charge about
the atomic sites, the calculations differ as to the
“true” charge of the C and Ti ions, that is, as to
the number of electrons transferred between crys-
tal states derived from C p states and Ti s and d
states. Even the direction of electron transfer is

disputed. A calculation by Lye' using linear com-
binations of atomic orbitals (LCAO) gives electron
transfer from C to Ti, whereas augmented-plane-
wave (APW) calculations by Ern and Switendick!!
and by Conklin and Silversmith!? have electrontrans-
fer from Ti to C. Consequently, two quite different
models for bonding in TiC exist. New experimental
evidence is needed to test predictions of the con-
flicting energy-band calculations and to guide the
development of an adequate model for bonding in
these solids.

Optical reflectivity studies, which provide infor-
mation relevant to the band structure, have already
been performed.'? These results, in fact, provide
the basis for one of the existing band calculations.'®
The other band structures do not agree well with
the optical-reflectivity results, but there is con-
troversy over the reasons for and significance of
such lack of agreement. Fermi-surface studies
could be related to the energy-band calculations,
but such measurements are not possible in TiC be-
cause the high density of vacancies produces an un-
usually short scattering time and prevents the de-
velopment of oscillatory effects.

Recent electron spectroscopy and x-ray studies
have examined the charge distribution around the
C and Ti atoms at their equilibrium positions.'% !¢
The results confirm the predictions of all the en-
ergy-band calculations that excess electronic charge
exists around the C atom, but they do not convinc-
ingly distinguish between the band calculations on
points of disagreement, in particular, the nucleus
with which this charge is associated (i. e., the true
charge of C and Ti).

An experiment that could distinguish between the
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two types of atoms by sampling their charge distri-
butions separately was sought. Reststrahlen studies
are ruled out by the presence of free carriers.
However, the very defects which prevent the estab-
lishment of oscillatory behavior, carbon vacancies,
can be exploited to distinguish between C and Ti
atoms in a study of diffusion.

For diffusion by a vacancy mechanism, the acti-
vation energy is the sum of the energy of formation
and the energy of motion of a vacancy. In TiC,,
the fraction of “chemical” vacancies, 1-x, far
exceeds the thermal equilibrium fraction. Conse-
quently, only motional energy is involved in the
self-diffusion of C. For Ti self-diffusion in TiC,,
both energies are involved. Hence, diffusion of
C in TiC is orders of magnitude more rapid than
that of Ti.'"

Diffusion biased by an electric field, electromi-
gration, offers the possibility of studying only the
charge associated with the C ion. The results of
such an investigation are reported here.

II. ELECTRON ENERGY-BAND STRUCTURE OF TiC
A. APW Energy-Band Calculations

In their APW calculations for TiC, Ern and
Switendick!! use the crystalline potentials obtained
from a self-consistent solution to the Hartree-Fock-
Slater equations starting with neutral atomic config-
urations for Ti and C. Qualitatively, Ern and Swi-
tendick’s calculation shows that electrons are trans-
ferred from Ti 3d states to the C 2p states. This
model predicts strong metal-metal and metal-non-
metal interactions with only a small ionic contri-
bution to the total cohesive energy.

Conklin and Silversmith!® have calculated energy
bands for TiC using the muffin-tin APW crystal
potentials from a superposition of atomic charge
densities, a superposition of Ti(4s%** and C(2p*) "
ionic charge densities, and a self-consistent charge
density starting from the doubly ionized configura-
tion. Only small differences exist in the results of
these three calculations. The results support the
general character of Ern and Switendick’s band
structure. Conklin and Silversmith conclude that
bonding in TiC is predominantly covalent. They
find that, although between two and three electrons
are transferred from Ti orbitals to C orbitals, the
spatial charge transfer from Ti to C is less than
one electron due to the diffuse nature of the wave
functions involved. Thus, the ionic bonding be-
tween Ti and C arises from less than one elec-
tronic charge. However, for optical studies which
depend upon the amount of charge that moves with
each type of nucleus, they suggest that an ionic
charge of between one and three electronic units
may be involved since the C nucleus will carry the
charge which is localized near it and has the sym-
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metry of C states.
B. LCAO Energy-Band Calculations

In contrast to the APW calculations, which stress
theoretical self-consistency, an LCAO calculation
by Lye'® is based on, and is hence internally con-
sistent with, optical-reflectivity data obtained by
Logothetis. > The LCAO wave functions are also
adjusted so that the band structure accounts quali-
tatively for Hall coefficient, thermopower, magnetic
susceptibility, resistivity, piezoresistivity, and
photoemission data. 3

In Lye’s model, the Ti 3d states are lower in en-
ergy than the C 2p states and thus receive electronic
charge from the C atoms. The Ti 3d wave functions
then overlap onto the C sites making the potential
at the C site more negative and, consequently, rais-
ing the C 2p energy levels. The final result is that
1. 25 electrons are transferred from C 2p states to
states derived from the Ti 34 states. However,
the spatial charge transfer is from the Wigner-
Seitz cell around the Ti site to the Wigner- Seitz
cell around the C site due to the enlarged radial
distribution of the Ti wave functions. ®

The predominant contribution to bonding accord-
ing to Lye’s model results from covalent metal-
metal bonds similar to those in the transition
metals. However, the bonds are strengthened by
the presence of C atom core potentials in the region
of overlap of the Ti 3d orbitals, as proposed in an
earlier LCAO calculation by Costa and Conte.
The presence of an increased number of Ti 3d elec-
trons, coming from C 2p orbitals, also strengthens
the metal-metal bonding. Covalent Ti-C and C-C
bonds also contribute to the bonding of TiC. Ionic
bonding contributes little to the cohesive energy.

Thus, the results of the energy-band calculation
of Lye differ from those of Ern and Switendick!?
and of Conklin and Silversmith,!° with respect to
the direction of charge transfer and, hence, the
nature of the bonding. The present experiment
was designed partly to distinguish between the two
possibilities by determining the charge on a moving
(diffusing) C atom.

III. ELECTROMIGRATION
A. Theories

Electromigration is biased diffusion resulting
from an applied, static electric field. '*~2! The
most obvious effect of the electric field on the dif-
fusing ions is the electrostatic force. In addition,
a “friction” or “electron-wind” force arises from
momentum transfer between conduction electrons
(holes) and diffusing ions. It drives the ions against
(with) the electrostatic force. For a specific re-
sistivity for defects p,/N,;, a specific resistivity
for the bulk p/N, and an applied electric field E,
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Huntington and Grone? have shown that the force
F on a diffusing atom can be expressed by

o) 32
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where e is the magnitude of the electronic charge,
Z is the electrostatic charge of the diffusing ion,
7 is the electron-atom ratio, and m* is the effective
mass of the charge carriers. The subscripts e and
h signify electrons and holes, respectively. The
electron- and hole-scattering terms are summed
over all bands. The direction of the electron or
hole contribution to the frictional force depends on
the sign of the current carriers through the effective
mass.

Fiks® has also presented an expression for the
force on an ion during electromigration,

F=¢eE(Z -nAZ,+n0Z)) (2)

where A is the mean free path, T is the atomic
cross section for ions scattering electrons, and »
is the density of current carriers. Bosvieux and
Friedel® have preformed a quantum-mechanical
calculation which yields a form similar to those of
Eqgs. (1) and (2) for the driving force.

The equations for the net electromigration force
can be written in the form

F=eEZ* , (3)

where Z* is the electromigration effective charge
and includes both the electrostatic and frictional
effects. The driving force acting on a diffusing ion
is related to its average drift velocity v caused by
this force through the Nernst-Einstein relation

v=(D/fT)F , 4)

where k is Boltzmann’s constant, T is the tempera-
ture, D is the diffusion coefficient, and f is the cor-
relation factor. Thus, for electromigration,

v=(D/fkT)eEZ* . (5)

The direction of the wind depends on the signs and
mobilities of the current carriers.

B. Studies of Electromigration

For most pure metals with electrons as the charge
carriers, the electron-wind force is larger thanthe
electrostatic force. Mass is therefore transported
toward the anode with a drift velocity corresponding
to an effective charge of magnitude greater than
1. For example, Z*= -3 for Cu,?® Z*=-25 for
Ag,?® z*=-9 for Au,* and Z*= - 20 for Al.?" For
metals with large positive Hall coefficients (hole
conductors), mass flow during electromigration is

toward the cathode. For y-Fe, +1<Z* <32 and for
Co, Z*=1.6.% Thus, the hole wind dominates the
electrostatic force.

Electromigration studies of interstitial C in
v-Fe, interstitial C in Ti, and C in Co-bonded WC
are of particular relevance to the present work.
In ¥-Fe containing C and in TiC the metal atoms are
arranged on a fcc lattice with C occupying octahedral
intersitital sites. However, there is a large dif-
ference in C concentration between the two systems.
For C in y-Fe, Dayal and Darken®® found Z*=+3.1.
From measurements of Z* as a function of tempera-
ture, Kovenskii®' calculated an electrostatic charge
Z of + 3. 8 for C in the same system. For the entire
temperature range considered (850-1200°C), Z*
was positive (+10.8 —+8.7) and decreased with in-
creasing temperature. A study of electromigration
in dilute C in bee Ti has also been reported.®!+32
From measurements of Z* as a function of tem-
perature, an electrostatic charge of + 4. 0 was de-
termined. Values of Z* were not reported. Hehen-
kamp and Heumann®? observed electromigration of
C toward the cathode in Co-bonded WC.

C. Attempts to Separate Electrostatic and Frictional Effects

Two principal methods have been proposed for
separating the effect of the electrostatic force from
the electron-ion scattering force. An analytical
method has been developed by Smolin and Frant-
sevich.>* Their development uses Fiks’s formalism

of Eq. (2). For a one-band solid and for T and n
independent of temperature, they find that
H
o —
VA T+po/B+Z " (6)

where the bulk resistivity is p=pg+87T and H is a
constant. Therefore, Z* as a function of tempera-
ture can be used to determine Z. This technique
has been used to give Z=+0.76 in Ni.}® Studies on
dilute C-interstitial migration in several transition
metals have yielded Z=+4.01in Ti, Z=+2.8 in Ta,
and Z=+0.6 in W33

An experimental separation of the electrostatic
force from the frictional force was suggested by
Miller,3” who proposed studying electromigration
in a Hall field. The Hall field is perpendicular to
the direction of flow of the charge carriers as well
as to the direction of the applied electric and mag-
netic fields. The transport of ions parallel to the
Hall field is controlled by the Hall-field force and
thus provides a measure of the electrostatic charge
only. Using this method, Miller®” concluded that
at 825 °C Fe diffuses in Ge as trivalent, positively
charged ions. Bibby and Youdelis®® reported values
for Z of +4.3 and +5.7 for C and N, respectively.
These values are within experimental error of
Pauling’s® metallic valences of +4e for C and + 5e
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for N.

Two difficulties accompany the Hall-field techni-
que. First, except for ferromagnetic materials,
the Hall field in most metals is too small to pro-
duce a measurable transport of mass. Second, as
Huntington*® has noted, the influence of the momen-
tum transfer to ions by charge carriers cannot be
eliminated in complex metals because in the Hall
experiment both holes and electrons move toward
one side of the specimen.

IV. EXPERIMENTAL METHOD
A. Electron Microprobe

In the present work, the primary method used for
determining the concentration profile of C in TiC
resulting from electromigration was electron-mi-
croprobe analysis. The electron microprobe chem-
ically analyzes samples by bombarding them with
energetic electrons and measuring the resulting
characteristic x-ray intensities for each element
present. The x-ray intensity of a given character-
istic line can be related to the weight percent of the
corresponding element which is present in the sam-
ple.“,{z

Although the electron microprobe has been used
frequently to measure the concentration profiles
for diffusion couples,® only recently has it been
employed in studies of electromigration.** Com-
pared to the radioactive-tracer*® and the surface-
marker motion® techniques for studying electromi-
gration, the electron-microprobe approach has both
advantages and disadvantages. The electron-micro-
probe technique provides a relatively fast determina-
tion of concentration profiles from which the electro-
migration force is determined, but it is limited to
alloys. It is nondestructive and can be used for
systems where no radioactive tracer is available.
The electron-microprobe approach also avoids the
difficulties inherent with surface phenomena, such
as surface diffusion, condensation, and evaporation,
which complicate the study of surface-marker mo-
tion.

B. Theoretical Concentration Profiles

Fick’s second law

aC _ ad _ 9 <Dac)

at 9y 9y 3y ™

describes the temporal ¢ and spatial y changes in
concentration C during diffusion, where J is the
atomic current. If the atoms experience an exter-
nal force during their diffusion jumps, then Fick’s
second law must be modified* to account for the

additional atomic current J=9»C. Thus Eq. (7) be-
comes

ﬂ—i(nﬂ_@

at  ay 3y @)
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When D and v are independent of concentration and
the diffusion zone is isothermally heated, Eq. (8)
simplifies to

8C 9%C aC

of Dot "V

(9)
Closed-form solutions for the concentration as a
function of time and position can be found for this
equation given the initial and boundary conditions.

In the experiment, single crystals of TiC were
mounted between C electrodes and then Joule-heated
to diffusion temperatures. A constant source of C
was therefore available at both ends of the TiC sam-
ple, because Ti diffusion outward is much slower
than C diffusion inward.'” The boundary condition
for the above geometry is C(0, )= C(L, )= Cpay-
The initial condition is that the TiC crystal has a
homogeneous C concentration, C(y, 0)=C,. The
concentration profile at time ¢ and position y for a
crystal of length L is given by*’

00, D= Cosa = (Cona = Co) @re ® L, Z2Smlmmy L),

msl

2
xexp{— [(%> + (mn)?] %} [1=(=1)memEi2P]

(10)

This concentration profile is shown in Fig. 1 for

several values of the diffusion parameter A= Dt/L?

and the asymmetry parameter V=9L/2D. To find

these electromigration parameters, the theoretical

prediction for the concentration profiles is fitted

to the experimental data.

As shown above, the analysis of experimental
data for constant diffusion coefficient and constant
drift velocity can be handled by solving the boundary-
value problem arising from a modified form of
Fick’s second law. However, the electron micro-
probe cannot be used in electromigration studies
with vanishingly small concentration gradients and
hence constant D and v. In the present work, the
diffusion coefficient and drift velocity are assumed
to be constant and are found by the curve-fitting
procedure described above. The justification for
these approximations and the actual concentration
dependence of the diffusion coefficient are consid-
ered in Sec. V.

C. Electromigration Anneals

Single crystals of TiC were used in this work.
They were grown at the Linde Division of Union
Carbide Corporation by the arc-Verneuil process.
Mass spectrographic analysis showed less than
100 at. ppm impurities and chemical analysis re-
vealed less than 0,02 wt.% O and N.®

Initial electromigration experiments were per-
formed on long, thin crystals (approximately 1 mm
x1 mmx10 mm) in $ atm of high-purity A. The
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FIG. 1. Theoretical curves of concentration versus
penetration distance as described by Eq. (10) in the text.

A atmosphere was used to reduce the effects of
vaporization at the elevated temperatures (near
2000°C) used. The initially homogeneous crystals,
generally TiC, ¢4, were supported between and in
direct contact with spectroscopic graphite electrodes.
Electron-microprobe analysis showed that Ti did
not diffuse from the crystal into the C electrodes.
Thus, the boundary condition for this geometry is
that both ends of the crystal are in contact with in-
finite sources of C as described above and hence
always at the limiting composition, TiCyq. Dif-
fusion times were chosen to give a gradient in C
concentration extending in from each end approxi-
mately one-third the length of the crystal. How-
ever, near the center of each crystal in the region
not affected by C diffusion into the crystal from the
electrodes, the C- to-Ti ratio was found to have
changed from its initial value. The final C-to-
metal ratio near the center was smaller than its
initial value, suggesting that substantial vaporiza-
tion had occurred and that C vaporization was more
rapid than Ti vaporization. The latter result is
contrary to the findings for vaporization from TiC
in a vacuum® and probably indicates that the A gas
scatters Ti atoms back toward the sample more ef-
ficiently than it scatters C atoms. Oxygen impurity
would also reduce x.

To reduce the net flux of atoms from the surface,
several electromigration runs were performed in
a stainless-steel system which was pressurized to
25 atm of A. However, noncongruent vaporization
still influenced the bulk C-to-Ti ratio. Therefore,
cylindrical samples of TiC, g4 with small length-
to-diameter ratios were used for the remainder of
the experiments so that the surfaces not in contact
with the electrodes could be approximated as being
infinitely far from the central axis of the crystal.
These final experiments were also performed in
25 atm of A. In this situation only diffusion of C
from the electrodes into the crystal influenced the
C-to-Ti ratio along the central axis.

An optical pyrometer was used to measure the
temperature. For the 2. 5-mm-long by 4-mm-diam
sample, no measurable temperature gradient was
observed along the length of the sample. For the
longer samples (7.5 mm by 4 mm), readings taken
near each end and near the center generally agreed
to within less than 10°C., Some uncertainty arises
in measuring the surface temperature, since the
local surface condition influences the measurement.
Emissivity corrections were made from tempera-
ture readings in a 20-mil-deep 15-mil-diam spark-
eroded hole in a TiC crystal. Window corrections
were also made.

D. Determination of Concentration Profiles

A well-annealed single crystal of TiCg g4, as de-
termined by chemical analysis, was used as a stan-
dard for obtaining the C and Ti concentrations from
the electron-microprobe intensities. The raw x-ray
intensities were converted to weight percent Ti and
weight percent C by a computer program written
by Colby* and modified by Gray* which corrects
for deadtime losses, background as a function of
composition, absorption, characteristic line fluo-
rescence, atomic-number effects, and beam-cur-
rent fluctuations. In addition to the sample data,
the Ti and C concentrations of each standard datum
point were calculated relative to the average of the
standard readings to provide reference data. The
reference data taken before and after the sample
traverse were compared. Differences between the
two sets of reference data reflected drift in the
microprobe electronics. If the drift exceeded 0. 2
wt. % in the C concentration, the sample data were
rejected. A detailed discussion of the electron-
microprobe analysis is presented elsewhere.*

The analysis of light elements, including C, using
the electron microprobe is difficult. In addition to
the problem of converting the raw data to weight
percents, there exists the more fundamental prob-
lem of detecting the low-energy C x rays, due to
substantial absorption of and low peak-to-back-
ground ratio for the C x rays.

For comparison, the concentration profile of one
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FIG. 2. C concentration versus penetration distance
for electromigration in TiC #10, 11. The solid line N
is the curve determined by a least-squares fit of the
data to Eq. (10) and the broken line R is a reflection of
the right half of N. A marks the center of the profile,

I the initial concentration, v the direction of the electro-
migration velocity, and + and — the polarity of the ap-
plied voltage.

crystal was also determined by microhardness
studies. The microhardness of TiC has been es-
tablished as a function of C concentration.'’**® A
Knoop diamond indenter with 25-g load was used to
make the microhardness indentations. Twenty-two
rows of eleven indentations each were made along
the length of the crystal. The indentations were
approximately 20 p long and were aligned along a
(100) crystal axis with the indentation length per-
pendicular to the length of the crystal and on a {100}
cleavage plane. The microhardness H, determined
from the length of each indentation was converted
to a C-to-metal ratio using the relation

x=0.075+(3.1x10)H, , (11)

where H, is in kg/mm?, This equation was deter-
mined from a least-squares fit of the experimental
data of Williams®® and Ramquist.!®

V. EXPERIMENTAL RESULTS

Electron-microprobe analyses of several control
samples showed that the crystals were initially
homogeneous in C distribution to within the accuracy
of the analyses, +0.2 wt. %. For the long, thin
crystals heated in 2 atm of A, the diffusion penetra-
tion depths are approximately an order of magnitude
larger than the half-widths of the samples. Two

WILLIAMS 3

electron-microprobe analyses of one of these four
crystals are shown in Fig. 2 with the initial con-
centration denoted by I.

Diffusion constants were determined from the
vaporization-dependent concentration profiles of
these four crystals by curve fitting the profiles to
Eq. (10), which does not account for vaporization.
The resulting diffusion constants correspond to dif-
fusion temperatures 200 to 600 °C higher than the
actual experimental temperatures. However, the
effective charge determined for a sample with a
concentration profile that is influenced by vaporiza-
tion (TiC #10, 11) is in good agreement with the ef-
fective charge determined from a sample, to be dis-
cussed below, which was studied at the same tem-
perature but with a concentration profile not influ-
enced by vaporization (TiC #12, 6, 3). Therefore,
the effect of vaporization on the asymmetry is evi-
dently small.

The concentration profile determined by micro-
hardness measurements on TiC #10, 1 is shown in
Fig. 3. The effective charge of + 0.5 determined
from this profile is in reasonable agreement with
the effective charges of + 0.4 and + 0. 7 determined
from concentration profiles obtained by electron-
microprobe analyses. However, the concentration
profile determined by the microhardness technique
(Fig. 3) differs by a scale factor from the concen-
tration profiles found by the electron-microprobe
analyses. The agreement can be substantially im-
proved by using only Williams’s*® microhardness
versus C-to-metal ratio data which are for single-

—~21.0 —T T T z
S T TiC#10, MICROHARDNESS RUN + (;
2 T=| o
5200 B 825°C 4 4300
1=4.05 X107 sec I
z 2%=+0.5 z
o o
2!9.0 o8 %
24 w
- P
E}J 18,0+ |
Z o
o b =
© ‘ 2
z 170 =
[aa] %) P’ §
[ia 1 AI 1 \ ﬁ2.4 3
g 1605 0.2 04 T 08 08

DISTANCE,y (cm)

FIG. 3. C concentration as determined from micro-
hardness measurements versus penetration distance for
TiC #10, 1. The solid line N is the curve determined by
a least-squares fit of the data to Eq. (10) and the broken
line R is a reflection of the right half of N. A marks the
center of the profile, v the direction of the electro-
migration velocity , and + and — the polarity of the ap-
plied voltage.
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20.OJ - e #12,4] SN #DZTJT*”T mation D= con§t and v=const used in the analysis
T=-2360° ! appears to be justified.
y The data from several electron-microprobe anal-
;‘i yses for each sample were curve fitted by the method
= of least squares to the equation appropriate for
o electromigration with the given initial and boundary
=z conditions, Eq. (10). Approximately ten electron-
o microprobe analyses were made on each crystal.
E Those analyses that showed large drift (0.2 wt. %
[ C) were rejected. The curve N determined by the
; least-squares fit is drawn with the data points (Figs.
S 2 and 4). The right half of the least-squares curve
g is also reflected R onto the left-hand side to help
[} depict the asymmetry. The initial C concentration
=z I, the center of the crystal A, the direction of the
8 electromigration velocity », and the polarity + or ~
5 of the applied voltage are also marked.
o The experimental parameters measured explicitly
‘ | and those determined from curve fitting the data
t ' from two electron-microprobe analyses for each
170553 0.4 06 0.8 crystal to Eq. (10) are presented in Tables I and
DISTANCE,y (cm) II. The values for the electromigration effective
charge calculated from these parameters, the dif-
FIG. 4. C concentration versus penetration distance fusivities calculated from the measured tempera-
for electromigration in TiC #12,4. The solid line N tures using our recently reported chemical diffusi-
is the curve determined by a least-squares fit of the vities,*® and the diffusivities that were found from
data of Eq. (10) and the broken line R is a reflection of
the right half of N. A marks the center of the profile,
I the initial concentration, v the direction of the electro-
migration velocity, and + and — the polarity of the ap- 40.0 — Ty T T T T T T
plied voltage. ELECTROMIGRATION
r Q=110 kcal/mole 1
Do =1900cm?/sec
. . 4y 15 20.0 |- .
crystal samples and neglecting Ramquist’s™” results O
which include data from polycrystalline samples.
The concentration profiles of another group of
five crystals with larger cross-sectional areas did :
not reflect the influence of vaporization. Two typi- @ 10.0 L ]
cal electron-microprobe analyses of one of these ~ 8.0F .
five crystals are shown in Fig. 4. To check the ef- NE r 1
fect of vaporization, the samples were also probed o 6.0- .
perpendicular to the central electromigration axis. 'TO r 1
The concentration was found to be homogeneous for Z aol 4
at least 0. 5 mm on either side of the central axis.
Further evidence for the lack of influence of vapor- o F 1
ization is seen in the concentration profiles of TiC
#12, 2; TiC #12, 6, 3; and TiC #12, 5. These 20l i
profiles have minima near 17,45 wt.% which is the ’
initial C concentration of the crystals. The minima
for samples TiC #12, 3 and TiC #12, 4 are at higher O
C concentrations because these samples were heated T Y o
for times long enough to permit C to diffuse from |‘03,4 36 38 4.0 4.2 44
the ends to the middle. Finally, the activation en- |O4 /T (oK-I)

ergy of 4.8+0.5 eV/atom calculated from the con-

centration profiles of these five samples (Fig. 5

is in reasogable R t with th tpd ¢ ( g d) FIG. 5. Chemical diffusivity versus reciprocal tem-
- . agr 'emen w1 at ae ern.nn.e perature. These data, whose calculations are described

from diffusion experiments pzrformed on similar in the text, are for electromigration crystals TiC #12, 2;

samples, 4.2+0.3 eV/atom.* Hence, the approxi- TiC #12, 6,3; TiC #12, 3; TiC #12, 4; and TiC #12, 5.
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TABLE I. Experimental parameters from the electro-
migration experiments on TiC.

Sample Run V=vL/2D A -Dt/L? L (cm) t (sec)  j(A/em?)

10,1 D4045  -0.46 0.08 0.76  4.05%x10° 1.8x10°
D4046  -0.85 0.06

10,3 D4050  -0.22 0.10 0.56  7.56x10*  2.2x10°
D4051  -0.30 0.10

10,2 D4043 -1.74 0.09 0.72 7.20x10'  2,0%x10°
D4044  -1.82 0.11

10,11 D4081 -1.44 0.08 1,09 1.44%x105  2.5%x10°
D4083  —0.92 0.10

12,2 D4093 -0.46 0.016 0.70  8.77x10*  7.5x10°

12,6,3  D4253 -0.08 0.012 0.24 5.28x10°  8.8X10?
D4256 - 0.16 0.012

12,3 D4122  -0.74 0.073 0.81  8.67x10*  8.4x10?
D4155  -0.39 0.070

12,4 D4141 -0.68 0.123 0.73 5.4x10* 8.8x10%
D4147  -0.57 0.119

12,5 D4173 -1.55 0,028 0.73  3.6x10° 9.9x10?
D4175  -3.10 0.021

the least-squares analyses are also tabulated. The

effective charge was determined from Eq. (5), where

the correlation factor was taken as that appropriate
for diffusion by a vacancy mechanism on afcc lat-
tice f=0.78, v/D was found from the asymmetry
parameter of the curve fit, and the electric field
was found from the measured current density and
literature values of the resistivity shown in Fig. 6.
It should be noted that the correlation factor is a
function of concentration in carbide-like systems
which have large densities of vacancies on one sub-
lattice; f as a function of concentration can take on
values between 0.78 (fcc lattice with only thermal
vacancies) and 1. 00 (interstitial diffusion on a fcc

TABLE II. Experimental parameters from the elec-
tromigration experiments on TiC. D=[L?A/1] is the
chemical diffusivity determined from curve fitting the
experimental concentration profiles to Eq. (10), and
D[T] is the chemical diffusivity determined from the mea-
sured temperature.

Sample Run p@Rcm) TCC) D=[L?A/t}  DIT) zx  z*
(cm?/sec) (cm?/sec)

10,1  D4045 235 1825  15x1077  0,14x10°7 +0.4 +0.55
D4046 11 0.7

10,3  D4050 238 1875 4.1 0.21 0.2 0.2
D4051 4.1 0.3

10,2 D4043 244 2025 6.5 0.84 1.6 1.6
D4044 7.9 1.7

10,11  D4081 248 2125 6.5 1.7 0.7 0.8,
D4083 8.2 0.9

12,2 D4093 246 2080 0.9 1.5 L1 11,

12,6,3 D4253 248 2125 1.4 2.2 0.5 0.7
D4256 1.3 1.0

12,3 D412z 251 2210 5.5 4.4 1.4 1.0
D4155 5.3 0.7

12,4 D414l 257 2360 12,1 6.3 1.4 1.3,
D4147 11.7 1.2

12,5  D4173 262 2480 40.8 30,0 2.9 2.8,
D4175 30.5 2.7
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FIG. 6. Electrical resistivity versus temperature for

TiC. The single-crystal data are from Williams (Ref. 6)
and were extrapolated to diffusion temperatures; the
polycrystalline data are from a compilation by Toulou-
kian (see Ref. 54).

lattice) for a monovacancy mechanism in such sys-
tems. However, it is consistent with the assump-
tion that D and v are independent of concentration
to use a constant value for f. The parameters found
from the curve fit are the diffusion parameter
A=Dt/L? and the asymmetry parameter V=yL/2D.

To check the value of the effective charge deter-
mined from Eq. (10), the effective charge was also
calculated by a second approach for TiC #12, 6, 3.
The average penetration depths from the positive
and negative electrodes were taken to be

<y>g=(y>du!*<y)cloc ’ (12)

respectively, where (y) 44, iS the average penetra-
tion depth due to diffusion and (y) ,,,. is the average
penetration depth due to electromigration. The
average penetration depths were calculated from the
equation

[ymax(C-C )y dy

@) pemCocody )

where y, and vy_,, correspond to Cy and C,,,, re-
spectively, and yo=L/2. The drift velocity can be
written in terms of the electromigration penetra-
tion depth as

v=({y). ={(¥).)/(28)
=(v)oloc/t .

(14a)
(14b)
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FIG. 7. C concentration versus penetration distance
for electromigration in TiC #12,6,3. The solid line N
is the curve determined by a least-squares fit of the data
to Eq. (10), the broken line R is a reflection of the right
half of N, and the broken line F was determined by a
least-squares fit of the data to Eq. (15). A marks the
center of the profile, I the initial concentration, v the
direction of the electromigration velocity, and + and —
the polarity of the applied voltage.

The concentration as a function of position for this
approach was calculated from a least-squares fit
to the arbitrary equation

Cly)=A"+exp(Ag+Aw +Aw? + Agwd) | (15)

where the A’s are constants. Thisformwaschosen
because it followed the data well. The resulting
curve F for run #4253 of TiC #12, 6, 3 is shown
in Fig. 7 with the curve N calculated using Eq.
(10). The effective charge of + 1.1 for run #4258
(Table II) found by this method is in good agree-
ment with the value of + 1.0 determined from the
curve fit to Eq. (10). Less satisfactory agree-
ment was obtained from run #4253 (Table II), +1.0
compared to + 0.5. This later result reflects the
fact that the function given in Eq. (15) is more
sensitive to scatter in the data than is the function
given in Eq. (10).

The effective charge versus temperature has
been plotted for the nine electromigration crystals
in Fig. 8. The values of effective charge are av-
erages of two electron-microprobe analyses per
sample, The error bars represent estimated er-
rors due to temperature gradients and the standard
deviation for the analyses.

In general, the uncertainty in this work in mea-
suring effective charges by studying the asymmetry
in concentration profiles is approximately 50%.
The method involves measuring small differences
in rather large concentration gradients ; therefore,
scatter or drift in the experimental data can cause
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substantial error. A comparison of the values for
the effective charge determined by two separate
electron-microprobe analyses for the same sample
reflects the latter difficulty (Table II). However,
there is no doubt about the principal qualitative
result: The effective charge of the diffusing C

ion is positive in the vicinity of 2000 °C.

VI. DISCUSSION

The electromigration phenomenon has been dis-
cussed as a combination of two forces, an electro-
static force and an electron-ion scattering force.

It was suggested earlier in this work that a deter-
mination of the charge on C ions in TiC might be
possible through a study of electromigration. The
determination of even the sign of this charge would
be valuable in testing the conflicting predictions of
the energy-band calculations concerning the direc-
tion of electron transfer between C and Ti.

Huntington and Grone’s?? expression for the ef-
fective charge, Eq. (1), as modified to include both
electron and hole scattering, can be used to analyze
the possibility of separating the electrostatic and
scattering contributions to the effective charge in
a manner similar to that of Smolin and Frantse-
vich, ** which was discussed above. Equation (1)
is more useful here if it is rewritten in terms of
mobilities

zZ"= [Z = (1/#eaNa)("e#e)+ (I/HnaNa)("n#n)] (16a)

= [Z - (l/l-ieaNa)(l/ePe)*' (l/uMNd)(l/ep;.)] .
(16b)

The present experiment shows that for C in TiC
the electromigration effective charge Z* is positive.

+ 4 T T T
I I
@ WITH VAPORIZATION
O WITHOUT VAPORIZATION

+ 2

-1 L | . | . |
1800 2000 2200 2400
T(°C)

FIG. 8. Electromigration effective charge versus
temperature for TiC. The solid circles are data deter-
mined from concentration profiles which were influenced
by vaporization (TiC #10) while the open circles are data
determined from concentration profiles not influenced by
vaporization (TiC #12).
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In addition, it may be temperature dependent. The
value of the effective charge appears to increase
from approximately + 0.4 at 1825 °C to possibly as
high as + 2. 8 near 2480 °C. Below 1700 °C no elec-
tromigration was observed.®! The zero effect found
in our earlier work could reflect the fact that the
experimental times were too short to produce a
measurable effect or that substantial vaporization
occurred during the longer anneals thus masking
any electromigration asymmetry. It can be seen
from Fig. 8 that if Z* is temperature dependent, an
extrapolation of Z* to lower temperatures could
possibly lead to a negative effective charge. How-
ever, because of the large uncertainty in the high-
est-temperature point, a constant value of Z*=1.0
also would be consistent with the data. We believe
that the latter interpretation, Z*~constant, is the
more plausible.

There are two important parts of the argument
that Z* is constant. First, an increase of the ef-
fective charge with temperature would be unusual
behavior for a metallic conductor, such as TiC. In
most pure metals, the (negative) effective charge
decreases in magnitude with increasing temperature
because the bulk mobility decreases?*'?" [see Eq.
(16a)]. Second, room-temperature Hall coefficient
measurements suggest that the conduction in TiC
is predominately by electrons rather than by holes.
These measurements give a value of approximately
0. 04 conduction electron/atom,®" a very small value
compared to 1 conduction electron/atom for simple
metals. Hence, in TiC we anticipate that the elec-
tron-ion scattering force should be small compared
to the electrostatic force and that it should be anti-
parallel to the electrostatic force. If this position
is correct, then our observation of a positive effec-
tive charge (Z*>0) implies that the electrostatic
charge is positive (Z>0). For Z*=~+1 independent
of temperature, Z*~Z~+1,

Because the electric field affects the diffusing
ion during its entire jump, we suggest that the mea-
sured value of the electrostatic charge Z is the av-
erage value

Z = (@ pay— ay)™! j;mu Z(a)da , (17)

where q, is the position of the initial equilibrium
site, an., is the position locating the top of the mi-
gration barrier, and Z(a) is the charge which is af-
fected by the electric field when the ionis at position
a of the diffusion jump. The electrostatic charge,
which is the charge sensed by the electric field,
should be distinguished from the effective charge
Z* which is the charge measured in the electromi-
gration experiment, The effective charge includes
contributions from the electrostatic charge and the
momentum transfer between diffusing ions and
charge carriers. The true charge Z,,,, discussed
earlier is the charge associated with the C nucleus,
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thus excluding charge resulting from overlap of Ti
orbitals onto the C ion.

The energy-band calculations all predict that
Z(a,) is negative for C in TiC. However, as the
C ion makes a diffusion jump, the overlap of the Ti
orbitals onto the moving ion will change in some
complex manner from the configuration at the equili-
brium lattice site. Thus, the C ion may appear
negative to the electric field at its equilibrium site
but positive in regions along the jump path if Z,_,
>0. A hypothetical variation with position of the
electrostatic charge associated with the diffusing
C ion is shown in Fig. 9 with Z(a,,,) >0 and Z(a,)
<0. Clearly, Z as defined by Eq. (17) can be posi-
tive even if Z(a,) is negative provided that Z,_,, is
positive. The true charge is illustrated in Fig. 9
as being larger than Z(a) for all jump positions, a
situation which occurs if the diffusing ion is always
shielded to some degree by Ti 3d overlap. A value
of Z~+1 is consistent, in terms of the above mod-
el, with the band-structure prediction of Z,,,,
=+1.25 by Lye.'®'83

Although a temperature-dependent effective charge
is less plausible, this result could be analyzed with
Eq. (16). The electrostatic charge is assumed to
be independent of temperature. Therefore, an in-
crease in the effective charge with increasing tem-
perature could be due to one of three effects, First,
if the conduction in TiC is by electrons alone as has
been suggested from the low-temperature Hall
data, ®" then the temperature dependence of the ef-
fective charge which may be present could reflect
the fact that the hole-scattering force is zero and

+1.0

CHARGE

1 1
0 0.5 1.0
JUMP POSITION, (a-0g)/(amaex-0,)

-1.0 4

FIG. 9. Three charge values associated with C par-
ticle in TiC: Z is the average value suggested by present
experiment; Z(a) is the instantaneous value (hypothet-
ical) during diffusion jump; Z., is the value obtained
from energy-band calculation for charge identified with
only C nucleus (see Ref. 13). Because of overlap of
Ti 34 wave functions, Z(a) is negative at C lattice site
and Z <Z .
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the electron-scattering force becomes smaller as
the resistivity becomes larger. That is, the nega-
tive term in Eq. (16) becomes smaller as the tem-
perature increases so that Z * approaches Z >0.
Second, if the hole-scattering term is important,
then an increase in the effective charge with in-
creasing temperature could reflect an increase in
the hole-scattering term relative to the electron-
scattering term. This second situation would arise
if the hole resistivity increased less rapidly than
the electron resistivity with increasing temperature
[see Eq. (16b)]. Such a variation in hole and elec-
tron resistivities could arise from different rates
of change with temperature of their mobilities or
from changes in the densities of charge carriers
with temperature [see Eq. (16a)]. Third, a com-
plex arrangement could be imagined in which sev-
eral bands participate with different temperature
dependences both for their mobilities and for their
densities of carriers.

If the data of Fig. 8 are interpreted to mean that
Z* is temperature dependent, and if the first of the
above three explanations is adopted, then an approx-
imate value for the electrostatic charge can be de-
termined from the data for Z* versus temperature
using Eq. (8). The necessary resistivity-versus-
temperature information is shown in Fig, 6. A
value of Z=+ 10 is obtained with =4x102 pQ
cm/°K and p=150 uf ¢cm, which were obtained
by extrapolation from lower-temperature resistivity
data.® If high-temperature data for polycrystalline
specimens are used instead, p,=0 and 8 is not
needed. Then Z=+4, if the two pointswith extreme-
ly high values of Z* are omitted. Clearly, +10 is
too large for the true charge on the C ion, but +4
is a value often found by electromigration for C in
metals, 30-32:38

Although the value Z=+ 10 is probably not the
fairest statement of the results of this experiment,
such a high positive value would indicate the pres-
ence of a substantial contribution to the current-
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FIG. 10. Hall coefficient versus temperature for TiC
with 0.82 =x =0.96 (Golikova et al., see Ref. 52).
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FIG. 11. Thermoelectric power versus temperature

for TiC, with 0. 67 <x =0. 90 (Golikova et al., see Ref. 53).

ion interaction from holes. Some evidence for the
existence of holes in TiC can be found in the tem-
perature dependences of the Hall coefficient® and
thermoelectric power®® at high temperatures. These
quantities are plotted versus temperature in Figs.
10 and 11, respectively. Although the Hall coeffi-
cient data extend only to 900 °C, it appears that

a simple, one-carrier model is not adequate for
TiC at high temperatures. The thermoelectric
power versus temperature for three C-to-metal
ratios is shown in Fig. 11. The thermoelectric
power is clearly not simple in TiC. Qualitatively,
the minimum and the increase toward zero in the
thermoelectric power are consistent with the pro-
posal that the hole resistivity is increasing less
rapidly with increasing temperature than is the
electron resistivity.

However, there is no evidence that hole conduc-
tion becomes dominant in TiC at 2000 °C, Further-
more, the carrier concentration appears to be much
lower than in most metals,®” and hence momentum
exchange with the diffusing ion should be relatively
less important, Therefore, we believe that the
principal effect in the electromigration of C in TiC
is the direct influence of the electric field on a posi-
tive C ion,

Ramqvist™ has studied the spectroscopy of photo
and Auger electrons, x-ray emission, and x-ray
absorption in the group IV B and group V B transi-
tion-metal carbides under monochromatic x-ray
irradiation, The results indicate that the charge
distribution is such that the metal atoms are posi-
tive and C atoms are negative at their equilbrium
sites Z(a,) <0. An x-ray diffraction study of the
charge density in NbC by Merisalo and co-workers!®
supports Ramgqvist’s results, Ramgqvist interprets
his experimental data by means of Hartree-Fock
and Hartree-Fock-Slater calculations on free atoms
and ions to show that metal atoms lose d electrons,
Since the interpretation of the present work distin-
quishes between the total electronic charge around
the C nucleus and the electronic charge that moves

tlS
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with that nucleus, the result is not inconsistent with
the qualitative result that the C charge at the equi-
librium lattice site is negative (see Fig. 9). How-
ever, the present result contrasts with Ramqvist’s
conclusion that d electrons are transferred from Ti
orbitals to C orbitals,

The proposed model is thus also consistent with
the theoretical result which was obtained by all
three of the recent energy-band calculations that
the C ion appears negative at its equilibrium site,
However, it supports the tight-binding calcula-
tion'?'!3 rather than the APW calculations'®'!! in that
it suggests that the average electrostatic charge
and also the true charge of C in TiC is positive,
The numerical value of electrostatic charge as ob-
tained from this experiment is between +1 and +4,

The implications for bonding are hence those as-
sociated with the LCAO calculation, namely, the

principal contribution is from a strengthened metal-
metal interaction from the participation of nonmetal
electrons and a lowering of the potential between
metal atoms due to the presence of the C atoms,
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Electron-Phonon Effects in the Infrared Properties of Metals

P. B. Allen
Bell Telephone Laboratories, Murray Hill, New Jersey 07974
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Electron-phonon contributions to the infrared absorption in metals are examined from two
points of view., First, ‘“golden-rule’” calculations are given for normal metals and supercon-
ductors which reproduce the phenomenological theory used by Joyce and Richards to analyze
their data in lead. This theory is expected to be valid for weak electron-phonon coupling.
Second, the Holstein transport theory for normal metals is used to examine the corrections
arising from strong coupling. Solutions are found for the response function at general fre-
quencies and wave vectors. The results are similar in form to the golden-rule theory, and
provide a simple correction factor to this theory. It is suggested that optical measurements
on both normal and superconducting materials may provide a valuable tool for analyzing the

coupled electron-phonon system.

In a recent letter, Joyce and Richards! (JR) have
reported the observation of phonon contributions to
the far-infrared absorptivity in lead. The experi-
ments were done at 1. 2 °K both for the supercon-
ducting and the normal state (by the application of
a 1200-G magnetic field). The important feature
of the JR experiment is an additional absorption
above what is expected for a collisionless electron
gas. This extra absorption is ascribed by JR to
the Holstein mechanism? in which the incident pho-
ton is absorbed in a second-order process involving
creation of both a phonon and an electron-hole pair.
Evidence for this mechanism is the fact that the
onset of the extra absorption occurs in the frequen-
cy range of abundant phonons, 30-70 cm™, in
normal lead, while in superconducting lead the
onset appears to be shifted up by 22 cm™, which
is 24, or the minimum energy required to create
an electron-hole pair in the superconducting state.

To further substantiate their identification of the
Holstein mechanism, JR presented a semiquanti-

tative theory in which they assume the absorption
scales as the density of final states for the com-
bined electron, hole, and phonon with energy con-
servation the only constraint. This theory seemed
to give a fairly satisfactory explanation of the
structure that was observed in the ratio of super-
conducting-to-normal-state absorption. However,
the theory had a number of deficiencies. The ab-
solute magnitude of the effect was not predicted.
The role of momentum conservation was unclear.
The electron-phonon coupling strength was taken
into account by the use of the superconducting tun-
neling data of McMillan and Rowell.® However,
the electron-light matrix element was omitted.
There already exists in the literature a number
of discussions of the Holstein mechanism. Pippard*
has given an elegant qualitative description and
Holstein® an elegant formalism for the normal-
metal problem. Scher® has made numerical cal-
culations based on Holstein’s formalism in the
local limit where the anomalous skin effect is ig-



