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Optical study of the stoichiometry-dependent electronic structure of TiC,, VC,, and NbC,
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The stoichiometry-dependent bulk electronic structure has been studied by optical spectroscopy
for single crystals of TiC, with x =0.95 and 0.70, VC, with x =0.86 and 0.76, and NbC, with
x =0.93, 0.84, and 0.71. The reflectance was measured in the energy range 0.5-40 eV for all of the
samples and up to 100 eV for TiC, 45, VC, g6, and NbC, ;. By correcting for the surface-roughness
effect using the measured roughness values, the data were Kramers-Kronig analyzed to obtain the
dielectric function and related functions. The observed interband transitions have been interpreted
on the basis of existing calculations for the energy-band structure and partial density of states. The
main peaks above 4 eV were assigned to transitions at and around the X and Q portions in the Bril-
louin zone. Their shifts to lower energy and reduced intensities with decreasing carbon concentra-
tion are discussed in terms of p-d hybridization. Features arising from transitions involving the ini-
tial or final states near the Fermi level were observed in the low-energy region. Their dramatic
stoichiometry-dependent behavior provides clear experimental evidence that the Fermi level moves
downward in VC, and NbC, with lowering carbon content. A structure that develops remarkably
in intensity as x decreases appears around 2 eV in VC, and NbC,, while no counterpart is discern-
ible in TiC,. This feature can be attributed to a transition between vacancy-induced states with a,,
and ¢,, symmetries. The contribution of the metal p state to the optical spectra is discussed in rela-
tion to both the intrinsic peaks and the vacancy-induced feature. The electron-energy-loss functions
show distinct plasmon structures that weaken and shift to lower energy with decreasing x. The
main volume plasmon peak is close to the free-electron-gas plasmon energy. A small Drude plasma
structure has been observed at 2.7 eV in NbCj 43, being rapidly attenuated with increasing carbon
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vacancies.

I. INTRODUCTION

The group-IVB and -VB transition-metal carbides and
nitrides exhibit interesting and unique bonding proper-
ties. "2 Their extreme hardness and high melting temper-
atures are typical of covalently bonded materials, leading
to uses as coatings for cutting tools, wear-resistant sur-
faces, and refractory materials. These compounds also
show metallic properties such as color, good conductivi-
ty, and, in some cases, superconductivity. In addition,
they mostly crystallize in the rock-salt (B1) structure
typical of ionic crystals, with nonmetal atoms located in
the octahedral interstitial positions of the metal face-
centered-cubic (fcc) sublattice. Another remarkable
property of this class of materials is their tendency to
form nonstoichiometrically; " they can accommodate up
to 50% vacancies on a nonmetal sublattice while retain-
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ing the rock-salt phase in thermodynamic equilibrium.
Though the vacancies are normally randomly distributed,
they occasionally exhibit a short- or long-range order,
thus forming vacancy clusters or superlattices. The in-
troduction of vacancies has a strong influence on a
variety of physical properties, e.g., superconductivity-
transition temperature, specific heat, paramagnetic sus-
ceptibility, and melting temperature. "

The extraordinary properties are closely related to the
electronic structure and have stimulated a large number
of studies. Theoretically, following the pioneering work
of Bilz,> who calculated a tight-binding (TB) band for
TiC, many band-structure calculations have been per-
formed for stoichiometric compounds. Summaries of
band calculations have been given in review articles by
Calais,* Neckel,” and Schwarz.® The augmented-plane-
wave’ ' (APW) and the linearized APW (LAPW) (Refs.
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11-14) methods were extensively used, in particular by
Neckel, Schwarz, and collaborators. Most of the band
calculations indicate the following: (i) The energetically
lower part of the valence-conduction bands is formed
mainly from nonmetal 2p states strongly hybridized with
metal d states (nonmetal p bands), which is the origin of
the strong covalent bonding; (ii) the higher part of the
valence-conduction bands is built up from metal d states
with some admixture of the nonmetal 2p character (metal
d bands); (iii) the Fermi level (Ep) for the IVB
transition-metal carbides is located at the deep minimum
in the density of states (DOS) between the p and d bands,
shifting upward into the d bands for other compounds;
(iv) the metal s band lies above the d bands while the non-
metal 2s band is well below E, separated by an energy
gap from the p bands; (v) there is a charge transfer from
the metal to the nonmetal, reflecting the ionic component
of bonding. This picture has been confirmed to be quali-
tatively correct for stoichiometric compounds by spectro-
scopic studies such as x-ray and ultraviolet photoelectron
spectroscopy (XPS and UPS), >~ 2’ optical reflection spec-
troscopy,2® 3% x-ray-emission spectroscopy (XES),3* 4!
electron-energy-loss spectroscopy (ELS),?***~* and
bremsstrahlung-isochromat spectroscopy (BIS).** Recent
angle-resolved photoemission (ARPES),*™>  spin-
resolved ARPES, ®° and angle-resolved inverse photoemis-
sion®’ (ARIPES) studies on single-crystal samples have
given more detailed information about the location of
some critical points and band dispersion along some of
the symmetry lines in the Brillouin zone. However, most
of these band mappings were made only along the I'-X
line, i.e., [100], because the presence of one- or three-
dimensional density-of-states features prohibited an
unambiguous determination of critical points in terms of
direct transitions, except for the (100) face. Furthermore,
appreciable quantitative discrepancies were found be-
tween theory and experiment; in general, the experimen-
tally determined bands are deeper below the Fermi level
and smaller in dispersion than the calculated bands.*® %
Thus, more detailed experimental studies are motivated
in order to arrive at a better understanding of the bond-
ing nature of these compounds.

The effects of nonmetal vacancies on the electronic
structure have recently gained increasing interest, but un-
derstanding lags far behind that for stoichiometric com-
pounds. One fundamental and difficult problem in the
theoretical treatment of vacancies is a proper description
of vacancy ordering. This vacancy problem has not been
exactly solved so far, and essentially three different ap-
proximations have been made. The first approach in-
volves cluster models without a nonmetal atom at the
center.’®%27% The second involves a direct application
of band-calculation algorithms to an entirely ordered ar-
ray of vacancies.®®”® The third uses alloy calcula-
tions’®~7® for randomly distributed vacancies, mainly
with a coherent-potential approximation (CPA).7°"7° A
general qualitative agreement has been obtained only for
the decrease in the DOS of the nonmetal s and p bands
with increasing substoichiometry. Many of the recent
calculations predict vacancy-induced DOS peaks near Ep
for  nonstoichiometric ~ compounds, % 636669,72-78
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whereas the TB-CPA results show no such peaks.’®”!
Agreement is poor regarding the number, energy posi-
tion, and orbital character of the vacancy states. The re-
sults for the carbon-concentration dependence of E. and
the DOS at E, which play crucial roles in determining
many physical properties, are more confusing, because
these values are sensitive to the parameters used in the
calculations.

Recent careful XPS,!7720:40 yps, 202425 3nd XES
(Refs. 38-40) studies have found an occupied vacancy
state below E, though its observation by angle-resolved
ultraviolet photoemission spectroscopy (ARUPS) was
made only very recently.3%31:34737.59.60 [hyestigations by
optical spectroscopy®® and ELS (Refs. 42 and 44) have
also suggested the existence of vacancy states. Concern-
ing the orbital character of the filled vacancy state,
Bringans and Hochst?® observed no resonant enhance-
ment for the vacancy peak in the UPS spectra for TiNj g,
and ZrN, 3, above the Ti 3p and Zr 4p thresholds, and
claimed that the state has little d character, whereas
Lindstrom et al.’%3"%7 have reported some resonant be-
havior in several nitrides. From XES, XPS, and UPS
studies, Beauprez et al. 20,39,40 Kaye recently shown that
the metal p state makes an important contribution to the
observed vacancy peak, in agreement with the calculated
spectra. Little experimental evidence has been obtained
as yet for shifts in Ep (Ref. 39) with increasing sub-
stoichiometry; this could be partly due to the poor energy
resolution in the previous experiments. These studies
were mainly concerned with the states near E, and only
a few systematic studies have been performed on the
vacancy-concentration dependence of the overall elec-
tronic structure. This is primarily due to a scarcity of
well-characterized bulk substoichiometric samples. For
example, ARUPS is not very informative for investiga-
tions of the vacancy-content-dependent bulk electronic
structure, since it is highly surface sensitive; a well-
defined surface composition is difficult to prepare for sub-
stoichiometric samples.?*#2>4¢7 In contrast, optical
spectroscopy is most suited for studying the bulk electron
structure of substoichiometric compounds, since it is bulk
sensitive and gives information about the electronic states
relevant to optical transitions. In addition, it has the ad-
vantage of allowing high-resolution measurements.
Though several optical-reflectance studies have been re-
ported so far,?®”*> most were made over a narrow energy
region or within a limited range of substoichiometry.
Moreover, the previous results for TiC, do not agree
with each other. 26:27:2%:31,32

In this paper we report on a systematic optical study of
well-characterized single-crystal samples of TiC,, VC,,
and NbC, over a wide energy range from 0.5 to 40 eV.
Measurements are extended up to 100 eV for near-
stoichiometric samples, allowing a reliable Kramers-
Kronig analysis. Comparisons are made between the
present results and reported calculations as well as previ-
ous experiments with special interest concerning the
influence of the nonmetal vacancies on the electronic
structure. Regarding VC,, reflectance spectra are
presented for the first time.
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II. EXPERIMENTAL DETAILS

A. Sample preparation and characterization

Crystal rods of TiC,, VC,, and NbC, consisting of sin-
gle phases and with composition homogeneity within 1%
were prepared by a floating-zone technique, the details of
which were previously reported.?® The carbon-to-metal
ratio was determined by chemical analysis with an accu-
racy better than 1%. We note that it is impossible to
prepare VC, for x larger than 0.88.2 The ordering of
carbon vacancies or the crystal phase was checked by x-
ray diffuse scattering and x-ray powder diffraction
methods. A short-range ordering was observed in
NbC, 5, and a VgC, long-range-ordered phase was seen in
VCpg The results of the sample characterization are
summarized in Table I.

Disks 8-10 mm in diameter and ~1 mm in thickness
were cut from the crystal rods. They were mechanically
polished to optical surfaces using diamond paste as fine as
0.5 um with water as the carrier. The surface roughness
of the samples was measured with a digital optical
profiler (Zygo Corp., Heterodyne Profiler-5500) using a
laser interferrometric technique. The measurements were
made two times on the central part of the surface. The
measured root-mean-square (rms) roughness values are
also given in Table I. The samples were washed in
acetone, rinsed in ethanol, and dried in a stream of hot
air just before measurements.

B. Reflectance measurements

The near-normal-incidence reflectance was measured
at room temperature over a photon-energy range between
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0.5 and 40 eV for all samples. Measurements were also
carried out up to 100 eV for near-stoichiometric samples:
TiCy 95, VCy 36, and NbC, 3.

From 0.5 to 6 eV, tungsten and deuterium-discharge
lamps were used as light sources, combined with an 0.5-m
monochromator with a 600- or 300-lines/mm grating.
Two photomultipliers were used as detectors over the
1-6-eV range and a PbS cell in the 0.5-1.5-eV region.
Several suitable filters were used to eliminate higher-
order light. Light reflected from a quartz-plate beam
splitter placed behind the exit slit of the monochromator
was monitored so as to compensate for any variation with
time of the incident light intensity. In order to avoid any
error arising from the position dependence of the detec-
tor sensitivity, a sliding-type sample holder was used
which allowed intensity measurements of light reflected
from both the sample and a quartz plate without any
change in the beam position at the detector. The
reflectance of the sample was obtained from the known
values of the optical constants of quartz. This allowed us
to achieve a measurement accuracy as good as 1% of R
between 1 and 5.5 eV. When using the PbS cell, a lock-in
technique was used in combination with a light chopper
in order to suppress the dark current of the detector.

From 4 to 100 eV the measurements were made using
synchrotron radiation from the 2.5-GeV storage ring at
the Photon Factory, National Laboratory for High Ener-
gy Physics. A 1-m Seya-Namioka monochromator on
beamline BL-11C was used for the 4-40-eV range. The
reflectometer was maintained at a pressure of ~5X10~°
Torr during the measurements. A photomultiplier coat-
ed with sodium salicylate was used as a detector. A 1-
mm-thick quartz plate (4-7 eV), an 0.7-mm-thick LiF
plate (6-12 eV), and a 200-nm-thick In foil (11.5-16.5 eV)
were used as filters to eliminate higher-order light. All

TABLE I. Characteristics of the samples used in this work.

Sample Nonmetal to metal Vacancy ordering Surface roughness
ratio or phase Oime (A)
TiCo os 0.950+0.008 ig 1.7 (av)
TiCy 79 0.700+0.008 ;? 2.0 (av)
VCo 6 0.858+0.008 V:C; phase ;; 7.4 (av)
11.1
VCy 76 0.758+0.008 10.8 11.0 (av)
NbC, o; 0.930+0.008 12.? 9.2 (av)
probably short-range 6.6
+
NbC, x4 0.844+0.008 ordering 103 8.5 (av)
short-range 6.1
+
NbCy 7, 0.712+0.008 ordering 47 5.4 (av)
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spectra were normalized by the photocurrent from a Au
mesh placed behind the entrance slit of the monochroma-
tor, which compensated for possible time-dependent
changes in the incident flux from the storage ring. The
accuracy of the measurements in this region is estimated
to be within 3—4 % of R. For the range 25-100 eV, a 2-m
constant-deviation monochromator®' on beamline BL-
11D was used. Another reflectometer used did not allow
in situ measurements of the incident and reflected light
intensities; thus, only the relative reflectance was mea-
sured. No filters were used for this region. The experi-
mental chamber had a pressure of ~5X 107 !° Torr dur-
ing the measurements.

III. RESULTS

The reflectance spectra of TiC,, VC,, and NbC, are
shown in Figs. 1-3, respectively. The insets display the
spectra in the higher-energy region for near-
stoichiometric samples: TiCj g5, VCp g, and NbC ;.
The data for the near-stoichiometric samples from 25 to
100 eV have been scaled to best match at 30 eV the data
taken between 4 and 40 eV. Spectral features are labeled
for convenience in later discussions.

Surface irregularities cause diffuse scattering, resulting
in a reduction of the specular reflectance. The measured
normal-incidence reflectance R, is related to the re-
flectance R of a perfectly smooth surface by%?

R, =R exp[ — (470, ./A)*], (1)

where o is the rms surface roughness and A is the
wavelength of light. This formula is valid in the scalar
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FIG. 1. Reflectance spectra of TiC, with x=0.95 and 0.70.
The inset shows the reflectance of TiC o5 in the high-energy re-
gion.
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FIG. 2. Reflectance spectra of VC, with x=0.86 and 0.76.
The inset shows the reflectance of VCj g4 in the high-energy re-
gion.

approximation for which the phase errors introduced by
the surface roughness are small, i.e., o,,,/A <<1. Since
OwmsS11 A for all the present samples (Table I), this
necessary condition is sufficiently well satisfied, even at
the short-wavelength limit of the present measurements
(A=124 A). All of the data have been corrected for the
surface-roughness effect by using Eq. (1) and the mea-
sured roughness values given in Table L.
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FIG. 3. Reflectance spectra of NbC, with x=0.93, 0.84, and
0.71. The inset shows the reflectance of NbC,,; in the high-
energy region.
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Three compounds exhibit similar overall spectral
characteristics. The reflectance in the region below 2 eV
drops off sharply from high values at 0.5 eV with increas-
ing photon energy. Several distinct structures are visible
between 2 and 10 eV, followed by broad maxima in the
10-25-eV region, beyond which R decreases steadily to a
minimum around 30 eV. Above 35 eV, the reflectance of
TiCy o5, VCygs» and NbLC, 4, rises to exhibit multiplet
structures (7, J, and K) arising from Ti 3p, V 3p, and Nb
4p core excitations.

From 4 to 30 eV, most of the structures, C—-H, persist
to exist over the range of stoichiometry studied, showing
a general tendency to become less prominent and to shift
to lower energy as the carbon concentration decreases.
Stoichiometry-dependent changes are most remarkable
for TiC, and are far less so for NbC,. The spectral
features are very similar for TiC,,, and VC,, whereas
some differences are noted for NbC,; structures in NbC,
are generally broader than those in TiC, and VC, and, in
addition, a deep minimum at 11-12 eV observed for TiC,
and VC, is absent for NbC, .

In the region below 4 eV, a marked stoichiometry
dependence is observed for NbC,, while only a slight
carbon-concentration dependence is seen for TiC,. This
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FIG. 4. (a) Reflectance spectra of TiC, in the low-energy re-
gion. (b) Reflectance spectra of TiC, in the low-energy region
reported in the literature (Refs. 26, 27, 29, 31, 32, and 44). The
spectrum of Pflliger er al. (Ref. 44) was obtained from ELS
measurements.
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is in sharp contrast to the behavior above 4 eV. In order
to see this more clearly, we present the low-energy spec-
tra in expanded scales in Figs. 4-6. For TiC,, previous
data?627:2%:31.32,44 3re also shown for a comparison in Fig.
4(b). Peak A is present in TiC, over the range
0.70=x =0.95. Its counterpart is also visible in VC g,
but disappears upon going to VC;y .. In NbC,, in con-
trast, feature 4 shows up for x=0.84 and 0.71, whereas
there is no sign of the corresponding structure for
x=0.93. This structure in VC, g is located close to the
low-energy limit of the present measurement and only a
careful search revealed its existence. Feature V depends
largely upon stoichiometry and the metal element. The
structure is observed in VC, and grows substantially with
decreasing carbon content, while no counterpart is seen
in TiC,. In NbC,, feature V develops remarkably as x
decreases from 0.84 to 0.7, although the structure is not
discernible for x=0.93. Feature B is distinctly visible in
TiC,, broadening, weakening, and shifting to higher en-
ergy with lowering x. The counterpart is only faintly ob-
served in VC, g, but is clearly seen in VC, ,c. Structure
B is not discernible in NbC,, o; and NbC,, 44, while there is
an indication of the structure in NbC,,, overlapping
feature V. These low-energy characteristics indicate
stoichiometry-dependent changes in the electronic struc-
ture near Ep and in Ep itself.

The reflectance spectra of TiC, have been studied by a
variety of workers,2627:2931:3244 35 shown in Fig. 4(b).
All of the reported data, including ours, agree only on the
existence of peak B. The earlier spectra of Lye and Lo-
gothetis?® and Alward et al.?’ show poor agreement with
others, both in spectral features and absolute magnitude,
though the former is in good agreement with ours at
higher energies [not shown in Fig. 4(b)]. The spectra of
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FIG. 5. Reflectance spectra of VC, in the low-energy region.
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FIG. 6. Reflectance spectra of NbC, in the low-energy re-
gion.

Karlsson et al.*! and Roux et al.’? are less structured
than ours, though our data agree reasonably well with
theirs regarding absolute magnitude. Lynch et al.?° have
reported the reflectance spectra of TiC, in the 0.1-30-eV
region. A comparison of our data for x=0.95 and 0.70
with theirs for x=0.90 and 0.64 shows good agreement
over the common energy range, including the
stoichiometry dependence. However, even our careful
search did not detect any sign of a peak at 2.3 eV, which
was visible in their spectrum for TiCgqy.2° No such
feature has been observed in other published data as well.
Pfliiger et al.** have presented the reflectance spectrum
of TiC, o from 2 to 30 eV deduced from the ELS spec-
trum. Their spectrum is in fairly good agreement with
ours for x=0.95 and that of Lynch er al.?’ for x=0.90,
but does not show peak C. Concerning NbC,, Allison
et al.® have reported the reflectance spectra of NbC, in
the 0.025-11-eV region. Our spectra (Figs. 3 and 6) agree
reasonably well with theirs regarding the trends seen as x
decreases in the common energy region. However,
features A4 and B are observed, and peaks C, D, E, and E’
are better resolved in the present spectra. Pfliiger et al.**
have also reported on the ELS spectra of NbC, , and
VC,. Since they did not present the calculated
reflectance spectra, no direct comparison is available with
our reflectance data.

Kramers-Kronig analyses were made to determine the
complex dielectric function €=¢,+i€, and related func-
tions from the measured spectra with extrapolation to
higher and lower energies. The reflectance below 0.5 eV
was assumed to be that of a free-electron gas and was cal-
culated from a parameter fitting to the measured spectra
with parameters of the Drude plasmon energy, the relax-
ation time of the free-electron gas, and the interband
correction to the dielectric function. The data for the
near-stoichiometric samples in the 25-100-eV region
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were used as the reflectance for the nonstoichiometric
samples by assuming that the spectral shape is independ-
ent of the carbon concentration and by adjusting them in
magnitude at 30 eV to the measured data of non-
stoichiometric samples from 4 to 40 eV. This assumption
should be reasonable since the 40-100-eV region has no
carbon core excitations, dominated by transitions from
the metal core p to the metal d states. Above 100 eV, the
spectra were extrapolated proportionally to E 7 with p
taken as an adjustable parameter. We previously report-
ed on the optical constants of chemical-vapor-deposited
TiCy o5 at given energies over the 80-800-eV range.®® Pa-
rameter p was determined to be 4.3 for TiC ¢5, so that
the result of the Kramers-Kronig transformation may
reproduce the same optical constants at 80 eV. The
availability of these high-energy data allowed a reliable
Kramers-Kronig analysis for TiC,4s; detailed optical
constants will be reported elsewhere. A p of 4.3 was also
used for TiC, ;. For VC, and NbC, no data are avail-
able above 100 eV and p=4 was chosen from the asymp-
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totic behavior of the measured spectra for the near-
stoichiometric samples in the 80-100-eV region.

The results of the Kramers-Kronig analysis are shown
in Figs. 7-12. Figures 7-9(a) display the real and imagi-
nary parts of the dielectric function, with the scale for €,
being expanded for clarity. Figures 7-9(b) show the
volume- and surface-electron-energy-loss functions
Im(—1/¢) and Im[ —1/(2+1)], respectively. The inset
in Fig. 9(b) displays the low-energy volume-loss functions
of NbC, in expanded scales. Figures 10-12 show the op-
tical conductivity, o =€,E /4m#i. The insets display the
high-energy conductivity of TiC ¢5, VC g6, and NbCy 3.
A comparison of the dielectric function and the optical
conductivity with the reflectance shows that there is a
one-to-one correspondence of the interband structures;
thus, the conductivity peaks are labeled, corresponding to
the features observed in the reflectance spectra. The gen-
eral tendency seen in the reflectance also carries over in
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FIG. 10. Optical conductivity of TiC,. The inset shows the
conductivity of TiCy o5 in the high-energy region.
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FIG. 11. Optical conductivity of VC,. The inset shows the
conductivity of VCj g in the high-energy region.

the dielectric function and the conductivity.

The variation of the loss functions with stoichiometry
is again most remarkable in TiC, and far less in NbC,.
Most of the structures below about 10 eV and a peak at
~39 eV in TiC, and NbC, have counterparts in the €, or
o spectrum and are assigned as being due to interband
transitions. All of the volume-loss spectra are dominated
by the structure centered at 22-24 eV, which can be
identified as arising from a volume plasmon. This feature
shows a weakening and a shift to lower energy upon de-
creasing x. A smaller, but well-defined, peak was ob-
served at ~11 eV in the volume-loss functions of TiC,
and VC,, but not in those of NbC,. This feature lies at a
minimum in €, and a crossing of the axis by €;, with
de /dE>0, and can also be identified as a volume-
plasmon structure. The volume-loss spectrum of NbC o;
shows a shoulder at 2.7 eV which is rapidly attenuated as

CONDUCTIVITY (10"°sec’)

10 15 20 25 30 35 40

o
ok

PHOTON ENERGY (eV)

FIG. 12. Optical conductivity of NbC,. The inset shows the
conductivity of NbC 3 in the high-energy region.
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the carbon concentration decreases. The surface-loss
functions display features which are attributable to sur-
face plasmons. Most of these structures also show a shift
to lower energy with damping as the carbon content de-
creases.

IV. DISCUSSION

We shall consider the results for TiC,, VC,, and NbC,
together instead of separately. This allows us to discuss
the evolution of the spectra with the metal element as
well as with stoichiometry, providing a systematic under-
standing of the electronic structure of these materials.

A. Interband transitions above 4 eV

The spectra of the near-stoichiometric compounds
could be interpreted in terms of the band structure calcu-
lated for stoichiometric compounds. The observed inter-
band structures are related to regions of k space, accord-
ing to the energy separation of the relevant bands, the
joint density of states (JDOS), and selection rules which
allow or forbid the transitions. Since most of the theoret-
ical studies of vacancy effects indicate that dramatic
changes would occur only near the Fermi lev-
el,62:63,66-69.72=78 the stoichiometry dependence of the
features above 4 eV could be reasonably inferred by con-
sidering the vacancy effects as the vacancy-induced per-
turbation on the band structure for x=1.

In Figs. 13 and 14 we reproduce both the energy bands
and the partial DOS’s of TiC and VC calculated by Neck-
el et al.,” and in Fig. 15 those of NbC obtained by
Schwarz.® All of the calculations were made using the
self-consistent APW method and the Slater-Koster linear
combination of atomic orbitals (LCAO) interpolation
scheme. The availability of the partial DOS’s will pro-
vide an important clue for considering changes with the
stoichiometry of the spectral features, as well as in assign-
ing them. Other recent first-principle calculations*:>%
are in good agreement with the bands in Figs. 13-15.
However, the results of XPS, ' UPS,?? and XES (Ref.
39) studies showed that the observed peaks for the occu-
pied bands of carbides and nitrides are, in general, fur-
ther below E than the calculated DOS maxima. Recent
ARUPS studies by Weaver et al.*® and Callenis et al.*®
for TiC; ¢; and by Lindberg et al. for VCgy g, (Ref. 53)
and NbC, 3; (Ref. 55) have further revealed that the cal-
culations place the filled bands along the I'-A-X line, par-
ticularly the A5 and X7 states, too close to Er. Kim and
Williams® have carried out a semiempirical band calcula-
tion for TiC by incorporating the results of Weaver
et al.* In the following discussion we refer to such ex-
perimental information as well as to the bands in Figs.
13-15 and other calculations.*®3%%%8% In Table II, the
energies of the features in the present conductivity spec-
tra (Figs. 10-12) are compared with the calculated ener-
gies over which interband absorption would be expected.

The partial DOS’s show three main maxima: one
below Er (mainly comprising C 2p orbitals with a large
amount of metal d components), a lower one above Ep
(formed from almost pure metal d orbitals), and an upper
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FIG. 13. Energy bands and partial DOS, g{(E), for TiC, , calculated by Neckel et al. (Ref. 7). In the right half, the solid curve
represents g1 '(E), dashed curve g,,C(E), and dotted curve g€(E). Figure used with permission of the author and publisher of Ref. 7.

one above E (primarily containing metal d orbitals with
a considerable admixture of C 2p character). With the
selection rules neglected, one might expect to find strong
interband transitions occurring at ~5.4 and ~6.5 eV in
TiC and VC, and ~6.3 and ~7.2 ¢V in NbC. Dominant
peaks, D and E, do exist in the optical conductivities of
three compounds at nearly the same energies, though

there are some differences in energy for D in VC, gc and
for D and E in NbC 4; (Table II). Similarly, a combina-
tion of the lowest and uppermost DOS maxima in the p-
d-hybridized bands could give rise to rather strong ab-
sorption at ~9 eV in TiC and VC and ~10.4 eV in NbC.
Again, structure F is, in fact, observed in the conductivi-
ty spectra at almost the same energies (Table II). With
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FIG. 14. Energy bands and partial DOS, g{(E), for VC, , calculated by Neckel et al. (Ref. 7). In the right half, the solid curves
represent gy (E), dashed curve g,,C(E), and dotted curves g(E). Figure used with permission of the author and publisher of Ref. 7.
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the selection rules and the band structures taken into ac-
count, peak D can be identified as arising from transitions
between states with a large JDOS lying along the Q-W
portion of the Brillouin zone, i.e, mainly 0, —Q,;, and
partly W, —W,. Peaks E and F are assigned as being
due to transitions between nearly flat bands in the square
surface of the Brillouin zone (X-Z-W-S-U), with E being
due to X;—Xs, Z;—>Z,;, Wy;—W,, §3—-5,3, and
U 3—U,3 and F to X;—X,, Z;~Z,, Wy —>W),
S3—S,,and U, 3—U,,. The regions of k space near X
probably make a dominant contribution. The reason why
peaks D and E in TiC,4s are sharper than those in
NbC, 4; could be that the states satisfying the selection
rules for the allowed transitions coincide in energy with
the DOS maxima for TiC, whereas there are some
differences for NbC. The situations for VC look similar
to those for TiC.

Feature E' in NbC, has no counterpart in TiC, and
VC, and exhibits a very rapid loss in intensity upon go-
ing from x=0.93 to 0.84. A comparison of the band
structure of NbC with those of TiC and VC shows that
I',s—TI'; absorption can take place in NbC with an ener-
gy appropriate for E’ but not in TiC and VC, since the
I'|s level is filled in NbC but empty in TiC and VC. We
thus attribute E’ in NbC o3 to the I'js—I'; transition. If
this assignment is correct, its x-dependent behavior indi-
cates that the Fermi level moves downward in NbC,,
crossing the I';5 level as x is lowered from 0.93 to 0.84.
Further evidence is given later for the shift of E. to lower
energy. From the bands in Figs. 13-15 alone, there seems
to be no suitable candidates for a transition responsible
for feature C in TiCgy ¢5 and NbC,. However, by taking
into account the results of ARUPS studies, 464833736,
we can reasonably identify shoulder C in TiC, 45 as being

due to the As— Aj transition near X and peak C in NbC,
to the X5—X; and A;— Ay (near X) transitions. Since
the initial states are located in a low-DOS region, but the
final states lie at a main DOS maximum, an appreciable
intensity is expected to result. For VC, the energy sepa-
ration of the associated bands is too small to produce any
structure at this energy, even though the results of AR-
UPS studies®>* are considered. Those transitions may
overlap the lower-lying structure, B.

The band structures as well as the DOS’s predict that
strong absorption within the p-d-hybridized bands will be
exhausted at about 11 eV and transitions to the higher
metal-s band will start at 11-12 eV. For TiC and VC, a
small energy gap exists between the metal s and d bands,
which would give rise to a deep dip at ~11 eV in the
measured spectra. In contrast, for NbC, there is an ap-
preciable overlap of the metal s and d bands, which could
result in a much shallower minimum in the experimental
spectra. A combination of the C 2s DOS peak and the
main DOS maximum above E containing a large
amount of the C 2p component could lead to a transition
from the C 2s to d bands occurring at ~13 eV in TiC,
~12.7eVin VC, and ~ 14 eV in NbC. The experimental
optical conductivities have been found to exhibit the cor-
responding feature, G. It is located at energies ~0.6 and
~2 eV larger than the calculations in TiC; o5 and VC, g,
respectively. For NbC, 43, the proximity of feature F
prevents an exact determination of its position in the con-
ductivity, although the reflectance shows G at nearly the
same energy expected from the calculations. Structure H
would arise from transitions with a large JDOS between
the p-d-hybridized bands below Er and the higher-lying
bands.

A comparison of the observed energies of interband
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structures, C-G, with those expected from the first-
principles calculations”® #3355 shows that the calcula-
tions generally give smaller energy separations, which is
consistent with the energies for the occupied bands deter-
mined from UPS (Ref. 22) and ARUPS (Refs. 46, 48, 53,
and 55) experiments. The semiempirical calculation for
TiC by Kim and Williams®* seems to slightly overesti-
mate the correction from the ARUPS results of Weaver
et al %

All of the structures between 4 and 20 eV exhibit a de-
creasing intensity with lowering x, except for the main
peak, E, in NbC,. This is naturally expected from a con-
comitant reduction in the available C 2p and C 2s orbitals
and is also in agreement with the results of calculations
for the stoichiometry-dependent partial DOS.% 78
Structure E in TiC, and VC, shows an intensity decrease
much larger than structure D. This behavior could be
understood in terms of the orbital nature of the associat-
ed bands. We have assigned D as being due to a transi-
tion involving a final state formed from almost pure d or-
bitals and E to a transition related with the d-like state
with considerable admixture of p character. The ratio of
the p and d components in the initial state is nearly the
same for both transitions. The decreased carbon content
leads to reduced effective p-d hybridization. This could
cause changes in the transition matrix elements, presum-
ably a reduction, which would result in a larger decrease
in the strength of E more than that of D. By considering
that the bands of NbC have less p-d hybridization than
those of TiC and VC (Figs. 13-15), the same argument
could be applied to account for the fact that x-dependent
changes in the strength of the features above 4 eV are
smaller in NbC, than in TiC, and VC,.

The p-d hybridization could also be related to the peak
shifts with stoichiometry. The p-d mixing will cause the
repulsion of the hybridized bonding and antibonding
states. The reduced p-d hybridization would effectively
reduce the repulsion of those states, resulting in a shift to
lower energy of the associated transition energies. Fur-
ther, the smaller p-d mixing in NbC could account for the
smaller energy shifts in NbC, than in TiC, .

It seems to be puzzling at first sight that structure E in
NbC, remains almost unchanged in peak height and
shows a sharpening rather than a broadening as the car-
bon concentration decreases. Marksteiner et al.”® have
recently calculated the carbon-content-dependent par-
tial DOS for 3d- and 4d-metal carbides and nitrides us-
ing the Korringa-Kohn-Rostoker coherent-potential-
approximation (KKR-CPA) method. Their results show
that the Ti 4p or V 4p state makes only a small contribu-
tion to the p-band DOS, but that the Nb 5p state shows a
considerably larger contribution (not shown in Fig. 15).
Because the Nb 5p —Nb 4d absorption takes place on
site, its dipole matrix element would be larger than that
of the C 2p —Nb 4d charge-transfer transition. This
could partly account for the insensitivity of the strength
of E to changes in the carbon content. Later we describe
a more essential contribution of the metal p state to the
optical spectra. The transitions responsible for peak E
occur over wide regions of k space with slightly different
energies (Table II). The loss of carbon may give rise to a
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more rapid loss of transitions involving states with a
larger amount of the C 2p component, resulting in a
sharpening of E. The nonmonotonic energy shift of E
with stoichiometry (Table II) might also originate from
its complicated structure.

B. Transitions below 4 eV with marked
stoichiometry dependence

The structures below 4 eV, which exhibit a dramatic
stoichiometry dependence in VC, and NbC,, should be
interpreted on the basis of calculations which make a full
treatment of the vacancy effects. Though an APW band-
structure calculation has been performed for TiC, ;5 with
completely ordered vacancies,® no such calculations are
available for VC, and NbC,. Nevertheless, some aspects
of the observed features can be well explained in terms
of the band structures for x=1 (Figs. 13-15) togeth-
er with the x-dependent partial-DOS calcula-
tions, 66:68.69.73,74,76— 78

The lowest-lying feature, A, should be associated with
transitions between states near Ep. Peak A in TiC, can
be identified as originating from an initial state at E,
near the center of the Brillouin zone, ie., A;—A;. A
shift of E; would lead to a shift in energy of such a tran-
sition, but that is not the case (Table II). This might be
due to the nearly parallel dispersion of the initial- and
final-state bands. Feature A in VC, g4 is attributable to
the I'),—TI' |5 transition. Since the '}, level is touching
Eg in Fig. 14 (or just below E in the bands of Lindberg
et al.>®), a loss of peak A in VC, ;¢ shows that the Fermi
level moves downward as x decreases, with E crossing
I}, between x=0.86 and 0.76. In contrast, feature A4 ap-
pears in NbC, upon lowering x. This can be well under-
stood by identifying A4 as arising from a transition from
the I',s to I'j5 states, with I';5 becoming vacant due to a
downward shift of E upon decreasing x. It is also possi-
ble for the I';s-—TI',, transition to generate another
feature on the low-energy side of A and disappear as x
decreases. There is a sign of the associated feature in
NbC, 43 spectrum (Fig. 12), though it is not distinctly dis-
cernible because the transition falls around the lower-
energy limit of the present measurements. This assign-
ment of A4 and its x-dependent behavior are completely
consistent with the identification of E’ as being due to the
I's— T, transition.

With the results of the ARUPS studies*®*333* con-
sidered, the X5—X, and As—A, (near X) transitions
may be responsible for peak B in TiC, and VC,. For
VC,, the I'ys—TI'|5 and 2,—2; (near I') transitions may
also give rise to B. However, we rule out their main con-
tribution to B for the following reasons. First, a feature
due to the X5+ — X, or A;— A, absorption should be ob-
served in NbC as well at almost the same energy, which
contradicts the experimental result for NbC, o; (Fig. 12).
Second, peak B in TiC, is much stronger than feature C
assigned as being due to the A;— Ag transition, which is
in conflict with the calculated result that the As final state
has a much higher DOS than the A, state does (Fig. 13).
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Finally, the intensity increase of B in VC, with lowering
x is difficult to explain in terms of the I';3—T';5 and
3,— 3, transitions, since those final states consist pri-
marily of the C 2p orbital. Thus, we propose another
identification of B as arising from the K, — K, transition,
which can account for all of the observed behavior of B.
It should be noted that the K| level is located well above
E; in TiC (i.e., vacant), is nearly touching E in VC (i.e.,
nearly vacant), and is just below Ep in NbC (i.e., filled)
(Figs. 13-15). In conjunction with the observed down-
ward shift of E, with decreasing x, this gives a reason-
able explanation for the observations that peak B is
present irrespective of x in TiC,, gains strength with
lowering x in VC,, and is not seen in NbC,,; and
NbC, 54 with its faint signature appearing in NbC, 4.
These results show that the Fermi level crosses the K,
state upon going from x=0.86 to 0.76 in VC, and nearly
touches the K, level in NbC, ;. By using the present re-
sult for NbC, and assuming that the calculated band
structure for NbC places the K| state at the correct ener-
gy with respect to E, we can estimate a shift of E to be
|AEr|=0.25-0.3 eV between x=1 and 0.71. The KKR-
CPA calculation by Marksteiner et al.”® gives |AE|
=0.76 eV, which is a factor of ~3 larger than the
present result.

Feature V in VC, and NbC, cannot be interpreted at
all in terms of the band structure for x=1; there are no
possible bands satisfying the selection rules with an ap-
propriate energy separation and its marked gain in
strength with lowering x is more difficult to explain.
Many of the recent theoretical treatments of the vacancy
effects® 636676972778 sredict new vacancy-induced states
near Ep, formed from symmetric combinations of the
electronic states of surrounding atoms. Among them, the
KKR-CPA results” show that vacancy states having ag
and t,, symmetries with respect to the vacant site appear
below Ep in nonstoichiometric carbides and nitrides.
Their results also show that those states shift to higher
energies upon lowering x, and that the ¢,, state is consid-
erably broad with an appreciable DOS above E at low x.
The XPS (Ref. 17) and ARUPS (Refs. 54-56 and 59)
studies have revealed the presence of a filled vacancy
state about 2 eV below E for VC, and NbC, . In partic-
ular, the ARUPS spectra for VC, g, of Lindberg et al.>*
showed a vacancy-induced peak which is in good agree-
ment with the a,,-symmetry DOS peak predicted from
the KKR-CPA calculations.”® With these recent theoret-
ical and experimental results, we can reasonably attribute
feature ¥ in VC, and NbC, to a transition from an a,
vacancy state below E to part of a t;, vacancy state just
above E. This assignment of V gives a reasonable ex-
planation for its remarkable intensity increase with de-
creasing x. Although no direct observation has yet been
reported of an unoccupied portion of a ¢,, vacancy state,
the present result indicates its presence. The observed
downward shift of E with decreasing x suggests that va-
cancy states formed below E; accommodate excess elec-
trons released from the carbon vacancies.

We note here two interesting aspects of vacancy-
induced feature V: (1) The structure in NbC, is much
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more intense than that in VC,; (2) no counterpart is dis-
cernible in TiC,. An explanation is required for (1), since
a vacancy peak observed in ARUPS studies®* ¢ shows a
comparable strength for VC g, and NbCj ;. Our result
(2) is consistent with no evidence for a shift of peak A4
and in agreement with that of Lynch e: al.;* their spec-
tra for TiC, exhibit only very small changes with
stoichiometry in the low-energy region. Neither UPS
(Ref. 22) nor ARUPS (Refs. 46, 48, and 52) studies have
also detected any vacancy peak in TiC, and ZrC,. How-
ever, these observations seem to contradict the fact that a
vacancy-related feature was detected for TiC, in earlier
XPS (Ref. 16) (identified recently by Redinger et al.”*)
and XES (Ref. 38) spectra. In order to explain both (1)
and (2), we shall consider two factors: (a) the degree of
metal p contribution to the vacancy DOS; (b) the location
of the lower a,,-symmetry vacancy state with respect to
Ep. Most of the interpretations of vacancy states have
been made by taking into account the metal d contribu-
tion alone, because the calculated metal p partial DOS
was very small. However, recent XPS, UPS, and XES
studies by Mariot er al.?**%" and XPS intensity calcula-
tions by Redinger et al.”* have shown that the metal p
state plays an important role in the interpretation of XPS
spectra through the cross-section effects. The metal p
contribution would be more essential for the present opti-
cal spectra, since optical absorption from an a,,- to a
t,,-symmetry vacancy state will be dominated by an
intra-atomic transition between the energy-shifted metal
p and e, states. The KKR-CPA results” " show that the
Nb 5p orbital contributes appreciably to the local vacan-
cy DOS as well as to the intrinsic p-band DOS, whereas
the contributions of the Ti and V 4p orbitals are small.
This leads to a reasonable explanation of (1). The Fermi
level in TiC, and ZrC, is lower than that in other car-
bides and nitrides, resulting in the proximity of the a,-
symmetry vacancy state to Ep; the state is located only
0.4 eV below E; in an APW calculation for TiC, 5; %
most of the vacancy-induced states in TiC, and ZrC, are
above E; in the KKR-CPA calculations.”*’* In fact, a
vacancy-induced feature observed in XPS (Ref. 16) and
XES (Ref. 38) spectra is located just below Eg. This
proximity to E; would result in the loss of transition in-
tensities associated with the a,, vacancy state. There-
fore, consideration of both (a) and (b) can account well
for our result (2). The failure of UPS (Ref. 22) and AR-
UPS (Refs. 46, 48, and 52) studies to detect a vacancy
state in either TiC, or ZrC, can also be understood by (a)
and (b) together with the cross-section effects.

C. Plasmon structures

The energies of the structures in the loss functions are
given in Table III together with those reported in the
literature.>>* The energy of the main volume plasmon
could be compared to the free-electron-gas plasmon ener-
gy given by
172
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where e is the electron charge, m the free-electron mass,
N the number of valence electrons per unit cell, and V,
the unit-cell volume. By taking into account the metal 3d
and 4s (or 4d and 5s) electrons as well as the carbon 2s
and 2p electrons as the valence electrons, we calculated
the values of E, (Table III). The calculated energies are
found to be in good agreement with the experimental
values. However, a closer examination of the observed
energies shows that their x-dependent shift in NbC, is
about a factor of 2 smaller than that expected from the
nominal decrease in the number of valence electrons due
to carbon vacancies and from an application of Eq. (2); in
contrast, agreement is good for TiC, and VC,. Lynch
et al.?® obtained a shift with stoichiometry for TiC,
which is also in good agreement with the calculated
value. From the ELS spectra, Pfliiger et al.* found the
main volume plasmon at energies close to the free-
electron-gas plasmon in 3d transition-metal carbides and
nitrides with and without nonmetal vacancies. Their
peak shifts with stoichiometry were found to be less than
one would expect from Eq. (2) for all compounds. In par-
ticular, the observed shift in TiC, was —0.3 eV from
x=1 to 0.7, much smaller than the calculated value of
—1.7 eV. In this respect, there are discrepancies between
the results from optical measurements and ELS measure-
ments. This might be partly due to the difference in sam-
ple preparation; our samples and that of Lynch et al.?®
(x=0.90) are single crystals, while those of Pflliger
et al.* are thin films prepared by reactive sputtering.

The 2.7-eV feature in the volume-loss spectrum of
NbC, o; lies at a zero crossing in €; curve. The structure
was previously reported in the loss spectrum of Pfliiger
et al. for NbC, o,* slightly sharper than in ours. The
counterpart was also observed for TiN, and VN, by
them* and for VN,, ZrN,, and NbN_ by Schubert
et al.?® Tt should be noted that these nitrides show very
weak interband transitions below ~3 eV. Pfliiger et al.*
identified the very sharp peak in TiN, as arising from the
Drude plasmon excitation shifted down by interband
transitions at higher energies. They accounted for its ab-
sence in TiC, as being due to a larger damping caused by
appreciable low-energy interband effects. The same argu-
ment would be applicable to the present 2.7-eV feature.
In fact, the low-energy extrapolation process for the
Kramers-Kronig analysis showed that the low-energy
reflectance of NbC, could be best approximated by the
Drude-like treatment among the present samples. Fur-
thermore, the damping constant of the free-electron gas
determined by the fitting displayed a remarkable
enhancement with decreasing x, indicating increased
scattering due to carbon vacancies. Thus, we can reason-
ably interpret the 2.7-eV feature as being due to the
screened Drude plasmon, with its rapid attenuation aris-
ing from the influence of carbon vacancies. A closer ex-
amination of the spectra shows that the feature seems to
shift to higher energy upon lowering x [Fig. 9(b)]; this
could be seen more evidently as a shift in the zero cross-
ing in €, [Fig. 9(a)]. This behavior can be well understood
by the reduced interband effects at higher energies with
decreasing x.
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The surface-loss function of TiC 45 shows two well-
defined peaks, one at 20.3 eV and the other at 10.7 eV.
Corresponding structures are less distinctly visible in
TiC, 59 and VC,, and the higher one also in NbC,. None
of them are located at energies predicted by the free-
electron-gas 1/V'2 relation of surface to bulk-plasmon en-
ergy (Table III). In contrast, the main surface-loss peak
in NbC, (~16 eV) can be related to the main volume-
plasmon peak by a factor of V2. Unlike other plasmon
structures, it shows no appreciable energy shift with
stoichiometry.

V. CONCLUSIONS

The optical properties of TiC,, VC,, and NbC, have
been systematically studied to supply new, detailed infor-
mation about how the vacancies modify the electronic
structure. The spectra of VC, and NbC, below 4 eV
showed dramatic variations with stoichiometry, whereas
those of TiC, exhibited only small changes. Above 4 eV,
in contrast, the spectra of TiC, displayed the most dis-
tinct dependence on the carbon concentration.

With the reported partial DOS (Refs. 7 and 8) and in-
formation from recent ARUPS studies*®*%3%3% taken into
account, many of the observed interband structures could
be identified in the band structures previously calculated
for x =1.78:48.53.55.8% The characteristic difference in the
energy shifts and intensity changes of the main peaks
above 4 eV was interpreted in terms of the difference in
the degree of p-d hybridization. Some of the features
below 4 eV in VC, and NbC,, which appear, disappear,
or remarkably changes in strength upon decreasing x,
could be assigned as being due to transitions involving
initial or final states near the Fermi level. This led to the
conclusion that the Fermi level moves downward with
lowering x in VC, and NbC,. A feature which markedly
gains strength as x decreases was observed at ~2 eV for
VC, and NbC,, whereas no counterpart was seen for
TiC,. This structure cannot be identified in the band
structures for x=1 and was attributed to a transition be-
tween vacancy-induced states located below and immedi-
ately above the Fermi level. Its marked strength in NbC,
was explained as the result of an appreciable metal-p-
state contribution to the vacancy states. The present op-
tical observation of a vacancy-induced feature indicates
the presence of not only an occupied aj -symmetry va-
cancy state, but also an unoccupied portion of a ¢,-
symmetry vacancy state, the latter of which has been pre-
dicted theoretically but not observed experimentally.

The main volume-plasmon energies were favorably
compared to the free-electron plasmon energies, though
disagreement was found in NbC, for the energy shift
with stoichiometry. The Durde plasmon structure was
observed in NbC,, reflecting the fact that the low-energy
spectra of NbC, most resemble the Drude-like behavior
among the compounds studied. Its rapid attenuation
with decreasing x indicates the increased scattering due
to defects.
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