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The optical properties of TiC,, TiN,, VC,, and VN, in the energy range 1.5 to 40 eV were deter-
mined with the use of electron-energy-loss spectroscopy. The optical joint density of states deduced
from a Kramers-Kronig analysis were compared with joint densities of states calculated from self-
consistent Gaussian-LCAO band-structure data. Good agreement between theory and experiment
was obtained. Characteristic differences among the spectra of the particular compounds are dis-
cussed in terms of different electronic properties deduced from band-structure calculations. The in-
fluence of nonmetal vacancies on the optical properties was investigated.

I. INTRODUCTION

The 3d—transition-metal nitrides and carbides
(TMNC’s) belong to the group of refractory com-
pounds."? They show metallic as well as covalent and
ionic properties, which make them interesting for both
technical applications and fundamental research. Their
great hardness and brittleness and their high melting
points are typical for compounds with strong covalent
bonds. Metallic properties are their electrical conductivi-
ty, superconductivity, and their metallic color. Many
TMCN’s such as TiC, TiN, VC, and VN crystallize in the
cubic NaCl structure which is typical for ionic crystals.
Another interesting property of the TMNC’s is their ten-
dency to form vacancies on the nonmetal sites. For exam-
ple, TiC, exists in the NaCl phase for 0.53 <x < 1.0.2 For
some compounds such as VC it is impossible to obtain a
nonmetal-to-metal ratio close to one without the presence
of free carbon. ,

The unusual physical properties are closely related to
the electronic structure. Experimentally electronic prop-
erties have been investigated with use of x-ray-induced
photoelectron  spectroscopy>*  (XPS), ultraviolet-
photoelectron ~ spectroscopy’~°, x-ray emission,'®~ !
bremsstrahlung-isochromat spectroscopy,'® and electron-
energy-loss spectroscopy (ELS) in reflection®’ as well as
in transmission.!” A number of optical reflectivity mea-
surements have also been published.!8—%

On the theoretical side, the first energy-band calcula-
tions have been carried out by Bilz in 1958.26 Since then,
numerous band-structure calculations have been per-
formed (for reviews see Calais?’ and Neckel?®). The most
comprehensive work on this field was done by Neckel and
collaborators,” 3% who in particular presented a sys-
tematic study on a number of 3d—transition-metal car-
bides, nitrides, and oxides wusing a self-consistent
augmented-plane-wave method.?’ In these calculations
the close similarity of all TMNC compounds as well as
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some systematic trends in their electronic structure be-
come evident. These features are visualized in a compar-
ison of the partial electronic densities of states of the Ti
and V carbides, nitrides, and oxides shown in Fig. 1. The
nonmetal s orbitals form the lowest valence band. On go-
ing from the carbides to the oxides, it separates more and
more from the other valence bands. Next is a set of three
bands formed mainly from nonmetal p orbitals. However,
there is a strong hybridization with metal d orbitals in
these bands, which is the origin of the strong covalent
bonding of the TMNC’s. This d admixture is decreasing
from the carbides to the oxides. The next five bands con-
sist mainly of metal d orbitals with some admixture of p
orbitals. Again, the p character in the d bands is stronger
in the carbides than in the oxides or nitrides. With
respect to the p-d hybridization, these upper bands form
the antibonding states while the lower p bands form the
bonding states. The position of the Fermi energy (Er) is
determined by the number of available valence electrons.
In the case of TiC, Ep is situated in the very minimum of
the density of states (DOS). With an increasing number
of valence electrons Ef is shifted upward into the d bands
and the DOS at Ep increases. We note that all states
made up of metal 4s orbitals are shifted far above the Fer-
mi level. This is caused by the hybridization with the
nonmetal s orbitals.

During the past few years the effects of nonmetal va-
cancies on the electronic properties of the TMNC’s have
gained increasing interest. Experimental methods applied
were ELS (Ref. 17), reflectivity measurements,®1%21—-24
and XPS.3%3 Theoretically tight-binding coherent-
potential approximation (TBCPA)—3 cluster***’ and
supercell band-structure calculations*""*?> have been per-
formed. The results of the TBCPA studies differ marked-
ly from those of the other approaches. The latter predict
new defect states in the low DOS region below Ep, and
thus a downward shift of Ep, while the TBCPA results
predict an upward shift in Ef.
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FIG. 1. Partial densities of states of TiC, TiN, TiO, VC, VN, and VO taken from Ref. 28. Dotted lines: nonmetal s-like DOS;

dashed lines: nonmetal p-like DOS; solid lines: metal d-like DOS.

ELS using high-energy (170 keV) electrons is a power-
ful tool to investigaie the electronic structure of matter.
In contrast to reflection ELS measurements, where elec-
trons of typically 1000 eV are reflected from surfaces as
clean as possible, high-energy ELS offers several unique
advantages.“"“ First, only bulk contributions are mea-
sured; possible surface contamination with one or even a
few monolayers of adsorbed atoms does not influence the
results. Reflection ELS measurements are very surface
sensitive and volume and surface losses are difficult to
separate. It is therefore not possible to determine a pure
volume loss function. Second, our measurements are per-
formed with a definite momentum transfer (g) whereas in
reflection the scattering of electrons is a two-step process,
an elastic scattering event with large g followed by an in-
elastic scattering event with small g. Thus only the high-
energy ELS allows the determination of the loss function
Im[—1/e(q,E)] and using a Kramers-Kronig analysis
(KKA) the momentum- and energy-dependent dielectric
function e(q,E) can be evaluated.

If the measurements are performed with vanishing
momentum transfer, optical and ELS measurements pro-
duce identical results. Yet ELS spectra can easily be ex-
tended to energy ranges where optical work is only possi-
ble using synchrotron radiation. Because optical as well
as ELS data have to be Kramers-Kronig-analyzed in or-
der to extract the dielectric function, the spectra must be
measured in an energy range which well exceeds the plas-
ma energy in order to reduce the influence of the extrapo-
lations used in the KKA.

Optical data are important sources of information
about electronic properties of matter. They reflect transi-
tions between valence- and conduction-band states and

comparisons with band-structure data can be made. In
spite of the many existing experimental papers on
TMNC’s, optical measurements in a large energy range
exist only for TiC from 0.1 to 30 eV.!® For TiN the ener-
gy range is much more limited.?>~2* For VC and VN no
optical data exist. The aim of this contribution was there-
fore a systematic study of TiC, TiN, VC, and VN in a
large energy range as well as a detailed comparison of ex-
perimental results with band-structure data. A point of
special interest was the influence of nonmetal vacancies
on the electronic properties.

II. EXPERIMENTAL

A. Sample preparation and characterization

The preparation of samples suited for ELS measure-
ments is a crucial problem. They must be self-supporting
with a homogeneous thickness of about 50—100 nm and
should have an area of several square millimeters.

All samples for this work were prepared by reactive
sputtering onto a substrate material that could be dis-
solved without affecting the sputtered layers. A Perkin-
Elmer-Randex 3140 HF-sputtering system was used. The
base pressure before sputtering was typically (2—5)x 10~%
Torr. For the nitrides an argon/nitrogen atmosphere and
for the carbides an argon/methane atmosphere was used.
The metal-to-nonmetal ratio of the sputtered films could
be varied over a wide range by carefully changing the
methane or nitrogen partial pressure, while the HF power
and the argon partial pressure were kept constant. Before
preparation the target was presputtered for about 60 min
in argon and the substrate was degassed at about 1500°C
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for several minutes. The substrate material was
0.015% 100X 25 mm Molybdenum foil clamped on a Tan-
talum strip that was heated directly by passing a current
of 100—200 A through it. The substrate material was
kept at 800—1200°C during sample preparation. The sub-
strate temperature was measured with a pyrometer. The
total pressure with a hot (900°C) sample holder was typi-
cally about 10~7 Torr. The sputtered films were floated
off in aqueous FeCl; solution and cleaned in distilled wa-
ter several times. For the different analysis procedures to
be described below the films were supported by sapphire
substrates. In addition the nitride films were supported
by high-purity carbon substrates for nitrogen analysis.
For the ELS measurements the films were supported on
standard TEM grids (100—200 mesh) In this way sam-
ples with an area of up to 1 cm? and a thickness of
400—1200 A could be prepared.

The film thickness and the nitrogen content of the ni-
trides were determined by Rutherford backscattering
(RBS) of 2.0-MeV a particles.* On TiC samples a
2C(d,p)!*C nuclear reaction with 1.27-MeV deuterons
was used*® to obtain [C]/[Ti] ratios with an accuracy of
about +10%. With the RBS measurements on carbon-
supported nitride films, a possible oxygen contamination
could be detected. In the RBS spectra of all samples no
traces of Mo, Fe, and Cl could be observed. The carbon
contents of the VC samples were deduced from lattice pa-
rameters only.> A relative [C]/[V] scale was obtained
from ELS measurements of the carbon K- and vanadium
L, ;-absorption-edge spectra. An energy-dependent back-
ground was subtracted and the spectra were integrated up
to 50 eV above the edge. The ratio of these areas is pro-
portional to the [C]/[V] ratio.” An oxygen analysis in
the carbide samples was not possible because sapphire
substrates (Al,03;) were used. But no oxygen could be
detected in the ELS spectra at energy losses corresponding
to the binding energy of the oxygen K edge.

The lattice parameters were determined with a thin-
film Seemann-Bohlin-diffractometer/camera. With this
technique lattice parameters could be measured even at
400-A films with an average error of several 1073 A.

Also a possible contamination with phases other than fcc
could be excluded. For the measurements only single-
phase samples with the pure NaCl phase were used. For
TiC the lattice parameters as a function of carbon content
agreed within error bars with data given by Storms.?
Also, the relatively large lattice parameters are strong
hints for only minor oxygen contaminations because in
TiC oxygen tends to reduce the lattice parameters.”

For the TiN and VN samples an additional check of
sample quality was obtained by measuring the supercon-
ducting transition temperature (7,) with an inductive
method. TiN and VN have T.’s of 5.5 and 8.5 K, respec-
tively, while TiC and VC have T,’s below 1.2 K. | In the
nitrides T, is a very sensitive measure of oxygen content
and vacancy concentration.! For comparison we have
also investigated TiN films prepared by chemical vapor
deposition which had a T, of about 5.4 K (Ref. 48) with
no further information available. The measurements per-
formed with this sample were in good agreement with
those of the sputtered films. In Table I a summary of the
properties of all samples used in this work is given.

B. Spectrometer

The ELS measurements have been performed with a
spectrometer using monochromatized electrons with a ki-
netic energy of 170 keV. Monochromator and analyzer
are on high potential while the sample is kept on earth po-
tential. Thus the sample can be manipulated easily. Elec-
trostatic hemispherical deflectors according to the
Kuyatt-Simpson design were used as monochromator and
analyzer.*” With the help of a zoom-lens electron optic
between monochromator (analyzer) and accelerator it was
possible to vary the angular spread of the primary elec-
trons (momentum resolution), while the energy resolution
could be changed with the pass energy of the electrons.
Thus an energy resolution 0.09<AE <04 eV and a
momentum resolution 0.03<Ag<0.2 A~! could be
selected. Beam currents up to 200 nA can be transmitted
through the spectrometer for AE=0.4 eV and Ag=0.2
A~!. For the measurements of this work the energy reso-

TABLE 1. Properties of the samples used in this work.

Transition
Metal/nonmetal lattice constant temperature Thickness
Sample ratio (A) (K) (A)

TiC 50 0.7+10% 4.323+0.001 1100
TiC 31 1.0+10% 4.33410.003 770
VC 104 0.78* 4.15 +0.1 620
VC 103 0.88* 4.172+0.003 590
TiN 88 0.9+5% 4.238+0.004 <12 950
TiN 92 0.95° 4.245+0.002 3.1 1300
TiN 45°¢ 1.0+5% 4.25 4.6—5.6 460
TiN CVD¢ 54

VN 9¢ 1.0+5% 4.134 7.9-8.1 450
VN 10 0.82+5% 4.10 +0.01 5.7 870

2Determined from lattice parameter measurements and values given by Ref. 2.

*Determined from transition temperature and Ref. 1.

°Spectra from stoichiometric TiN and VN were recorded from several samples. Typical values are given.

9Prepared by chemical vapor deposition (see Ref. 48).
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lution was fixed at 0.1 eV and two momentum resolutions
of Ag=0.04 and 0.08 A~! were used. The maximum
transmitted currents were 1 and 4 nA, respectively.

C. Evaluation of the optical constants

A high-energy ELS experiment consists in irradiating a
sample about 1000 A thick, with a beam of mono-
chromatic electrons (E;=170 keV; AE=0.1 eV). The
current transmitted through the sample is measured as a
function of energy and escape angle. Surface losses as
well as volume losses contribute to the measured spec-
trum.*>*0 However, the intensity of surface losses rap-
idly decreases with mcreasmg momentum transfer gq.
Therefore, a g of 0.1 A-1is sufficiently large to suppress
surface losses almost completely but is small when com-
pared to the dimensions of the Brillouin zone (typically
1.5 A—! for the TMNC’s). In order to evaluate the dielec-
tric properties we closely followed the procedure described
by Daniels et al.:*®* The elastic line was removed by a
linear extrapolation of the loss spectrum between O and
1.2 eV. The spectrum was then deconvoluted to account
for finite energy and momentum resolution of the spec-
trometer. For this step the momentum distribution was
recorded before each measurement. Our spectrometer has
a momentum resolution of about 0.04—0.08 A~ so that
the correction of the deconvolution procedure to the mea-
sured spectrum was typically smaller than 10%. Also, the
same algorithm as described in Ref. 50 was used to
correct for double scattering. After this step a spectrum
was obtained which is proportional to the volume loss
function Im( —1/€). Real and imaginary parts of 1/€ are
connected via the Kramers-Kronig relations. To obtain

06 T T T T T

o
~

REFLECTANCE
o
)

LOSS FUNCTION

ENERGY (eV)

FIG. 2. Comparison of optical and ELS results. Upper part:

measured reflectivity of Ref. 18 versus reflectivity calculated
from the ELS results of this work. Lower part: measured loss
function versus curve as calculated from reflectivity data of Ref.
18.

the real part of 1/¢, a Kramers-Kronig transformation
was performed numerically. For energies larger than 40
eV, the spectrum was extrapolated proportionally to
E —3,which is the loss function of a free-electron gas. For
a metal Re(1/€) is equal to zero at E=0. This condition
was used to determine the proportionality constant of the
loss function. Once real and imaginary parts of 1/€ were
known, the dielectric function, optical joint density of
states, reflectivity, etc., could be calculated.

In Fig. 2 our results for TiC are compared to the opti-
cal data of Ref. 18. The results derived with the two
methods agree quite satisfactorily.

III. RESULTS

A. Stoichiometric compounds

The loss functions and the real and imaginary parts of
the dielectric function derived by a Kramers-Kronig
analysis for TiC; o, TiN; o, VCp.ss, and VN, , are shown
in Figs. 3(a)—3(d). We note that it is impossible to
prepare VC, for x larger than 0.88.

Comparing the loss functions with the €; and €, curves,
a maximum in Im(—1/€) corresponds to a zero or at least
a small absolute value of €; and a small €,. The better this
condition is fulfilled the more pronounced is the max-
imum in the loss function.

The dominant feature in all loss spectra is the volume
plasmon at 23.5, 24.9, 24.9, and 26.3 eV for TiC, TiN,
VC, and VN, respectively. We may compare these values
to the corresponding free-electron plasma energies calcu-
lated from
4me™N 172

E =#
? mV,

(1)

(e is the elementary charge, m is the free-electron mass, N
the number of valence electrons per unit cell, and V, is
the unit-cell volume.) As valence orbitals we consider the
metal 3d and 4s orbitals and nonmetal 25 and 2p orbitals.
We obtain 23.3, 25.5, and 28.0 eV calculated for TiC, g,
TiNj g, VCoss and VNj, Other values found in the
liter%ture are 22.6 eV for TiCj o (Ref. 18) and 25.3 eV for
VN.

Apart from the main plasmon peak, the spectra of TiC
and VC are very similar to each other, and the same holds
for the TiN and VN spectra. Yet there are considerable
differences between the spectra of the carbides and those
of the nitrides. One is the presence of the low-energy
plasmon in the nitrides (very sharp at 2.8 eV in TiN, and
somewhat broadened at 3.2 €V in VN), which is not seen
in the carbides. Some authors®® have claimed that this
feature is common to all TMNC’s, yet our data clearly
show that this is not the case.

We now present a simple Drude-Lorentz model for the
formation of the low-energy plasmon loss’52 [see Figs.
4(a)—4(c)]. One fraction of the total valence-electron con-
centration is assumed to be free. We assumed one con-
duction electron to behave similar to a free electron (this
is about the Drude electron concentration in TiN). A
strong oscillator, caused by interband transitions of four
valence electrons, is placed at Ez=7 eV, representing a
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FIG. 3. Loss functions (solid lines) and Kramers-Kronig—derived real and imaginary parts of the dielectric function €,,€, (dotted-

dashed and dashed lines).

strong interband transition at this energy (see also next
section). Figure 4(a) shows the Drude contributions to €,
and €, for two different damping constants I'y (dotted-
dashed lines correspond to I'py=1.5 eV, solid lines to
I'o=3.0 eV). The resulting loss function is also shown.
The contribution of the pure interband transitions on €,
and €, and the corresponding loss function are shown in
Fig. 4(b). Figure 4(c) shows the €; and €, curves and the
loss function when the Drude and interband contribution
to the dielectric function are added. The similarity of
Im(—1/€) to the measured spectra is evident. Owing to
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FIG. 4. Formation of the low-energy plasma excitation in
TiN and VN. For details see text.

the large positive value of €; of the interband contribu-
tion, the zero in €, is shifted down to about 2.8 eV. The
resulting loss function has a maximum (plasmon) at this
value. Assuming that the oscillator strength of the inter-
band transitions is exhausted, the upper peak of the loss
function corresponds roughly to a plasmon due to five
electrons. An increase of the Drude damping constant in
Fig. 4(c) (solid lines) leads to a filling of the minimum in
€, and a damping of the resulting plasmon. A further
enhancement of €, (e.g., an additional oscillator) in the
minimum would completely damp out the plasmon as we
observe in TiC. Thus with this simple picture we can ar-
gue that only weak absorption at energies up to 3 eV is
present in TiN. Absorption is considerably stronger in
VN but even stronger in the carbides so that the Drude
plasmon is damped out. This conclusion is fully con-
sistent with reflectivity data. In TiN (Refs. 20, 21, and
23) the reflectivity up to 2.5 eV is quite high and only
minor absorption occurs. In TiC strong absorption can be
observed even at very low energies.!® The other structures
in the spectra are caused by additional interband transi-
tions and will be discussed in detail in the next section.

At 38.5 eV the onset of the Ti 3p core excitation is visi-
ble in the TiC and TiN spectra. The corresponding tran-
sition for the vanadium compounds was out of the range
of measured energies. Because at higher energies the po-
larizability of the medium becomes rather small, €;=1
and €;<<1, and thus the loss function is proportional to
€.
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B. Optical joint densities of states

The optical joint density of states (OJDS) is defined as™*
E 62( E)

(2)
LoE}

b

Jl(E)=

where E, is defined by Eq. (1). Within the random-phase
approximation and neglecting local-field effects this quan-
tity may be written as

2 E}Ty

Jy(E)= o
YT rE (B4

+ 2 fn,n’,kS(En’,k“En,k_E) ’
nn', X
nsn'

(3)

and E,, is the Drude plasma energy, I'y is an empirical
damping constant to account for defect scattering, and
JSun k is the oscillator strength for a transition from an
occupied state in band n and wave vector k to an unoccu-
pied state in band n’ with the same wave vector. The
summation goes over all occupied bands n, all unoccupied
bands n’, and over all K points in the first Brillouin zone.
The 8 function represents energy conservation. The first
term is usually called the Drude (or intraband) contribu-
tion, the second is the interband contribution. The intra-
band contribution arises from transitions between occu-
pied and unoccupied states at the Fermi surface which are
broadened by finite lifetime effects. It is easily seen in Eq.
(3) that the transition energies as well as their strengths
enter directly in the OJDS. If all interband transitions
occur at energies which are larger than the Drude damp-
ing constant I', intraband and interband contributions to
the OJDS can easily be separated. This is the case in a
number of transition metals*® and will also be of some im-
portance in the discussion below.

In the simplest approximation we assume the oscillator
strengths f, ,  to be constant. Then the OJDS is propor-
tional to the joint density of states’® (JDS) which is de-
fined as

JQ(E)= 2 S(En',k _En,k —‘E) . (4)
n,n’,?
nsn'
This function can be calculated if the energy bands are
known. We have calculated the energy bands of
stoichiometric TiC, TiN, VC, and VN with the self-
consistent Gaussian-LCAO method of Appelbaum and
Hamann.** A large set of basis functions was necessary to
obtain reliable energy bands even at energies well above
the Fermi level. The total densities of states calculated
from these bands were in excellent agreement with those
given by Neckel et al.?® The optical joint densities of
states were calculated using the tetrahedral method® on a
89-point mesh in the irreducible part of the Brillouin
zone.

In Figs. 5(a)—5(d) the OJDS which were determined by
the Kramers-Kronig analysis are shown by the solid lines.
The JDS functions calculated from the band-structure

~

N

o

~

(d)

N

OPTICAL JOINTDENSITY OF STATES (107%/ev)
OPTICAL JOINT DENSITY OF STATES (102 /ev)

o
/
o

2030 40
ENERGY (eV)

0 10 20 30 40 o 10
ENERGY (eV)

FIG. 5. Kramers-Kronig—derived optical joint densities of
states of the stoichiometric compounds (solid lines) and joint
densities of states from our band-structure calculations (dashed
lines). In the TiN curves, the joint density of states for transi-
tions between d bands and without d-d transitions are shown
separately (dotted and dotted dashed lines, respectively).

data are shown by the dashed lines.

Common to all spectra is a broad maximum centered at
5—7 eV. Otherwise, carbide and nitride spectra look quite
different. One characteristic difference is a pronounced
minimum in the OJDS at 2.8 eV in TiN and a shallow one
at 3.2 eV in VN: They are closely related to the plasma
losses observed at these energies. The carbides show a
continuous increase of OJDS up to 7 eV. It is dominated
by intraband transitions up to several eV. This is readily
seen in TiN where intraband and interband contributions
are energetically well separated. The Drude parameters
E,o and I'y can than be found by fitting the first term of
Eq. (3) to the spectrum up to about 2.5 eV. The values
thus obtained are E,;=8.1 eV and I')=1.1 eV. These
values agree well with others for E,( and I'y found in the
literature,20—33

In VN intraband and interband contributions mix more
strongly so that we did not try to determine the Drude pa-
rameters. In the carbides the mixing is so strong that
both contributions cannot be observed separately.

The physical reasons for the differences observed in the
four compounds may be understood with the help of the
partial densities of states of Ref. 29 (see Fig. 1). An
equivalent explanation of the optical properties of titani-
um carbonitrides was given by Karlsson et al.?®> In TiN
the Fermi level lies within the d bands and the states
around Ej are almost pure metal d states with only a very
weak nonmetal p character. In VN the situation is similar
except that the nonmetal p-like DOS is several times
larger than in TiN although still small compared to the d
component. In TiN optical transitions between states
made up purely of metal d orbitals are dipole-forbidden in
the on-site approximation. Thus interband absorption sets
in when (intersite) transitions from the occupied p bands
to unoccupied d bands become possible. To underline this
we calculated the JDS for d-d transitions in TiN [see Fig.
5(c), dotted curve]. The JDS without these d-d transitions
was also calculated [dotted-dashed curve in Fig. 5(c)]. It
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starts at about 2.8 eV when transitions from p to d bands
become possible. Thus the intraband contribution is not
affected by interband transitions up to this energy. In
VN, the interband contribution has increased so that the
damping of the Drude plasmon oscillation is stronger.
This is seen in the loss function as well as in the OJDS.
As in TiC, Ep is situated in the minimum of the DOS be-
tween p and d bands, p-d transitions are possible at all en-
ergies so that interband absorption can always occur. In-
traband and interband contributions therefore mix strong-
ly. Some care must be taken in the interpretations of the
VC spectrum because of the influence of nonmetal vacan-
cies on the optical properties. We note that we have al-
ready measured stoichiometric NbC, ZrN, and NbN
which are isoelectronic to VC, TiN, and VN, respectively.
They all showed a similar behavior to TiN and VN, i.e., a
low-energy plasma loss and a corresponding dip in the
OoJDS.*

Structures above 3 eV are only affected by interband
transitions. The broad hump at 5—7 eV corresponds to
p-d transitions. Its initial rise is shifted according to the
position of Er. In TiC it starts earlier than in TiN, VC,
and VN. Furthermore, the structure in TiC is subdivided
into two peaks and a shoulder which can be attributed to
transitions between maxima in the DOS in the occupied p
and unoccupied d bands. In the other compounds, these
structures are less pronounced. Maxima in the carbide
spectra above 10 eV can be attributed to transitions from
C 2s states to unoccupied states in the d bands. In the ni-
tride spectra the corresponding transitions start at about
19 eV. Therefore, the maximum around 12 eV must be
attributed to transitions between the (nonmetal) p bands
and to the (metal) s-p bands above the d bands.

The qualitative interpretation as obtained from an in-
spection of the energy bands and the corresponding DOS
curves is confirmed by a calculation of the JDS [see Figs.
5(a)—5(d)]. Peaks and shoulders up to roughly 10 eV are
reproduced quite well by the theoretical curve. Because
lifetime effects were neglected, the JDS show more struc-
ture than is actually present. Also, due to matrix-element
effects intensities are not reproduced correctly.

Again, in the titanium compounds the onset of the Ti
3p core excitation is visible at 38.5 eV. This was also seen
in the corresponding loss functions.

C. Influence of stoichiometry

The loss functions of the substoichiometric compounds
are shown in Fig. 6. In comparison with the loss func-
tions shown in Figs. 3(a)—3(d), some differences are evi-
dent. The positions of the main volume plasmon is shift-
ed down from 23.5, 249, 249, and 26.3 eV in the
stoichiometric case to 23.2, 24.6, 24.6, and 25.9 eV for
TiCO_7, TiNo'g, VCO.g, and VNo_gz, respectively. However,
this shift to lower energies is less than one would expect
from the nominal decrease of the valence-electron concen-
tration due to nonmetal vacancies and from the applica-
tion of Eq. (1). In addition, sharp and pronounced struc-
tures of the stoichiometric compounds become broad and
washed out if vacancies are present. This is best seen by a
comparison of the TiC; spectrum in Fig. 3(a) and the

LOSS FUNCTION

| L 1
20 30 40
ENERGY (eV)

0 10

FIG. 6. Loss functions of the substoichiometric compounds
TiCy.7, VCo.s, TiNo.g, and VN g.

TiCy 7 spectrum in Fig. 6.

The low-energy plasma excitation at 2.8 eV in TiNj g
has shifted up to 3.3 eV in TiNy . In addition, its width
has increased considerably. In VNjg, this peak is so
much broadened that it cannot be distinguished from the
background. This is a further indication that the observed
VC,.gs spectrum [shown in Fig. 3(c)] is influenced by va-
cancy effects.

The peaks and structures around 12.5 eV in the carbides
and between 12 and 19 eV in the nitrides remain at about
the same energies. However, in the VN g, spectrum it is
almost impossible to determine their exact positions.

The Kramers-Kronig—derived OJDS are shown in Fig.
7. The zero of the vertical axis of each curve is shifted as
indicated. As was the case with the loss functions, these
curves are smeared out and broadened compared to the
corresponding spectra of stoichiometric compounds, but
the overall shapes are conserved and the similarity with
the stoichiometric spectra of Figs. 5(a)—5(d) is still visible.
Compared to the stoichiometric compound transitions
around 12 eV in the carbides and 19 eV in the nitrides ori-
ginating from nonmetal 2s states and those around 5—7
eV in all spectra originating from nonmetal 2p states are
somewhat reduced. This is due to the fact that fewer non-
metal initial states are available. In the TiNj ¢ spectrum
the minimum in the OJDS has been shifted up to 3.3 eV.
This can be understood in the simple Drude-Lorentz
model used in the discussion of Fig. 4 (see Sec. III A). In
TiN the Drude plasma energy remains independent of
stoichiometry. This was found by Rivory et al.?! and is
also consistent with our results. However, the damping
constant Iy is increased as more defects act as scattering
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FIG. 7. Kramers-Kronig—derived optical joint densities of
states of the loss functions shown in Fig. 6.

centers. This leads to a shallower minimum in the OJDS
and to a stronger damping of the plasmon found at this
energy. In addition the total oscillator strength for p-d
transitions is reduced because fewer p-like initial states are
present. This causes an upward shift of the minimum in
the OJDS or alternatively the €; of the oscillator in Fig.
4(b) around 3 eV is less positive than in stoichiometric
TiN, so that the zero in €; corresponding to Fig. 4(c) is
found at a somewhat higher energy. Thus the upward
shift of the plasmon from 2.8 to 3.3 eV as well as the cor-
responding minimum in the OJDS is a direct consequence
of the reduction of p-like initial states and thus of non-
metal vacancies.

The OJDS below 2 eV is larger than in the
stoichiometric compounds. An explanation may be that
new defect states around the Fermi energy are created as
vacancies are present.’*~#> These defects states may allow
new transitions which would result in an enhanced transi-
tion probability at low energies but also provide an addi-
tional damping mechanism for the Drude plasma excita-
tion.

In this point a discrepancy exists between our results
and those of Lynch et al.'® There the optical conductivi-
ties of TiCy ¢ and TiCy ¢4 single crystals show only minor
differences up to about 4 eV. At present, we have no ex-
planation for this discrepancy; it might be due to different
sample’s preparation.

IV. SUMMARY

A systematic investigation of the dielectric properties of
TiC, TiN, VC, and VN in the energy range from 1.5 to 40

eV was performed using high-energy electron-energy-loss
spectroscopy. The samples were prepared by reactive
sputtering and carefully analyzed by means of ion-beam
techniques, x-ray diffraction, and transmission electron
microscopy.

The loss functions of all compounds showed a main
maximum near the free-electron plasma energy. Aside
from this characteristic differences between carbides and
nitrides were observed. A low-energy plasma loss in the
nitride spectra was observed which was shown to be the
Drude plasma excitation shifted down by strong interband
transitions at higher energies. In the carbides this plasma
loss was damped out by low-energy interband transitions
which become dipole forbidden in the nitrides. Other
differences between 12 and 17 eV were also observed.

The OJDS obtained by a Kramers-Kronig analysis were
compared to the JDS calculated from self-consistent
Gaussian-LCAO band-structure data. While the transi-
tion probabilities were dominated by intraband transitions
up to roughly 2—3 eV, interband transitions give the dom-
inant contribution for higher energies.

Good agreement between experimental data and the
JDS was observed up to 12 eV. Because lifetime effects as
well as transition matrix elements are not included in the
JDS, these curves predict more structure at higher ener-
gies than is seen experimentally and do not reproduce in-
tensities correctly.

We also studied the influence of nonmetal vacancies on
the optical quantities. They have four major conse-
quences. First, because the valence-electron concentration
is reduced in substoichiometric compounds, the main
volume plasmon is slightly shifted down to lower energies.
Second, transitions from initial states that have mainly
nonmetal character are attenuated. This is observed in all
spectra. The reduced oscillator strength of p-d transitions
is also responsible for the shift of the low-energy plasma
excitation from 2.8 to 3.3 eV in going from TiN;, to
TiNg e Third, because of the increased vacancy concen-
tration, the lifetimes of excited states are reduced because
of enhanced scattering on defects. This is not only seen in
a general broadening of the structures of the spectra but
also in an increased dc conductivity and a larger Drude
damping constant I'y, especially in TiN,. Fourth, the
OJDS of the substoichiometric compounds at low energies
are larger than those of stoichiometric ones. This obser-
vation is in qualitative agreement with a number of
theoretical papers dealing with the electronic properties of
substoichiometric refractory compounds. They predict
new states to occur below Er which lead to new transi-
tions at low energies.
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