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The dielectric properties of ZrN, NbC, and NbN in the energy range from 1.5 to about 38 eV
were determined using high-resolution, high-energy electron-energy-loss spectroscopy. The
Kramers-Kronig—derived optical joint densities of states agree well with calculated joint densities of
states for NbC and ZrN. The results are compared to the corresponding 3d compounds.

I. INTRODUCTION

ZrN, NbC, and NbN belong to the group of refractory
compounds which exhibit a number of exceptional physi-
cal properties,”? such as high melting points, great hard-
ness, brittleness, and superconductivity, which are closely
related to their electronic structure.’~’

The work presented here is an extension of an electron-
energy-loss (EELS) study of the 3d refractory compounds
TiC, TiN, VC, and VN.®*° With the exception of ZrN,
where optical data up to 12 eV have been published,'° nei-
ther optical nor high-energy EELS data exist for these
materials. The purpose of this paper therefore is to pro-
vide experimental data and to compare these with band-
structure calculations.

II. EXPERIMENTAL

The samples for this work were prepared by reactive
sputtering. The preparation is described in more detail in
Refs. 8 and 9.

For characterization and analysis, the samples were in-
vestigated by means of thin-film x-ray diffraction, Ruth-
erford backscattering, a 2cB3(4,p) nuclear - reaction
method,!! and transmission-electron microscopy. In addi-
tion, the transition temperature to superconductivity (7)
was measured with an inductive method. T, is very sensi-
tive to nonmetal vacancies and to oxygen contamination.
Parameters characterizing the samples are summarized in
Table I ‘

Lattice parameters of all compounds were in agreement
with the nonmetal-to-metal ratio determined with the
ion-beam techniques. Also, the 7, values of NbC and
NbN indicate a nonmetal-to-metal ratio close to 1.! ZrN
did not show a T, down to 4.2 K, which was attributed to
an oxygen contamination of (7+5) at. %. Because of its
complicated phase diagram, NbN was difficult to prepare
in the pure fcc phase. The x-ray diffraction patterns of
some samples showed very weak lines which belonged to
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different crystal structures. In the x-ray spectra of ZrN
and NbC only fcc lines were present.

The 170 keV electron-energy-loss spectrometer used for
this investigation is described in more detail in Ref. 8.
For the measurements presented here it was operated at
an energy resolution of 0.1 eV and a momentum resolu-
tion between 0.04 and 0.08 A —.

III. LOSS FUNCTIONS

The loss functions Im(—1/€) of ZrN, NbC, and NbN
are shown in Fig. 1 by the solid lines. These functions
were obtained directly from the measured raw data in the
following way: First, the elastic line was subtracted.
Second, a numerical deconvolution to correct for finite
spectrometer resolution and double scattering was applied.
Third, the data were normalized. The real and imaginary
parts of the dielectric functions €; and €, which were ob-
tained by a Kramers-Kronig analysis are also shown in
Fig. 1 by the dot-dashed  and dashed lines, respectively.
For more details about the determination of the loss func-
tions and the dielectric properties we refer to Refs. 8, 9,
and 12. )

The raw data were truncated at 36 eV for ZrN and at
38 eV for NbC and NbN. Above these energies, multiple
energy losses were believed to influence the precision of
the data. A comparison of the measured loss function
with €; and €, shows that maxima in the loss functions
are correlated with a zero or small absolute value of €,
and a small €,. The better this condition is fulfilled, the
sharper and more pronounced the maximum in
Im(—1/€). The dominant feature in all spectra is the
plasmon found at 22.3, 24.0, and 25.3 eV for ZrN, NbC,
and NbN, respectively. These values may be compared
with the free-electron-plasma energy. Including the non-
metal 25 and 2p as well as the metal 4d and 5s orbitals we
obtainea 22.8, 23.6, and 25.5 eV for ZrN, NbC, and NbN,
respectively, which is in quite good agreement with the
measured values. Schubert ez al.!® obtained 21.5 and 24.0
eV for ZrNg 7, and NbNy s, respectively, using EELS in
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FIG. 1. Loss functions (solid lines), Kramers-Kronig—
derived real and imaginary parts of the dielectric function (dot-
dashed and dashed, respectively).

reflection. Their smaller values may be a result of their
substoichiometric samples. In the isoelectronic 3d com-
pounds TiN, VC, and VN, the same close relationship to
the free-electron-plasma energy was observed.® A charac-
teristic low energy plasma loss (€;=0) is found at 3.6, 2.9,
and 3.9 eV in ZrN, NbC, and- NbN, respectively. It is
quite sharp and pronounced in ZrN but broadened and
damped in NbC and NbN. In the 3d compounds TiN and
VN, these losses showed the same shapes but were found
at somewhat lower energies.® VCy g did not exhibit the
low-energy plasmon. Its absence in comparison with the
NbC spectrum was attributed to vacancy effects in VCg gg.
In the 3d compounds the formation of this loss was ex-
plained in a simple Drude-Lorentz model.® It was shown
to be the Drude plasmon which is shifted down by strong
interband transitions at higher energies. The stronger
damping of this plasmon in NbC and NbN is due to inter-
band absorption and to a larger Drude damping constant.
Above 15 eV only one maximum is visible in the nitride
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FIG. 2. Optical joint density of states (solid lines) and joint
densities of states, calculated from band-structure data (dashed

lines). In ZrN, the JDS function for d-d transitions (dotted) and

the JDS function without d-d transitions (dotted-dashed) were
also calculated.

spectra, which is caused by strong interband transitions
around 19 eV and will be discussed in the next section. In
this energy range, some differences were visible as com-
pared to the corresponding 3d compound where two max-
ima were observed.

IV. OPTICAL JOINT DENSITIES OF STATES
AND COMPARISON WITH BAND-STRUCTURE DATA

The optical joint density of states (OJDS) can be de-
fined as!*

E€2(E)

J(E)=—"T"—7,
B = g

where E, is the free-electron-plasma energy. The OJDS
curves derived by a Kramers-Kronig analysis of the loss
functions are shown in Fig. 2 by the solid lines. The
dashed lines in the NbC and ZrN curves are joint densities
of states (JDS) calculated from a tight-binding fit of
Weber!® to the augmented-plane-wave results of Schwarz’
in the case of NbC and from self-consistent Gaussian
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TABLE 1. Results of sample analysis.

Thickness ag T, nonmetal-metal oxygen contamination
(A) (A) (K) ratio (at. %)
ZrN 1100 4.574+0.002 <4.2 1.0+£0.05 7+5
NbC 1300 4.476+0.003 9.5 1.0£0.05
NbN 920 4.394+0.004 15.5 1.0+£0.05 <3

LCAO data in the case of ZrN. The JDS neglect matrix
elements and give an approximation to the interband con-
tribution to the OJDS.

At energies up to about 2.5 eV the OJDS is dominated
by intraband transitions in all compounds. In ZrN the in-
terband contribution up to 3 eV is quite low, which is evi-
dent from the deep minimum in the spectrum. In this
case the Drude plasma energy E,o and damping constant
I’y can be estimated (see Ref. 8). We obtained 8.8 eV for
E,y and 2.2 eV for I'y. The reason for the low interband
damping in ZrN at these energies is obviously the same as
in TiN.® The Fermi level lies within the d bands where
only very few p states are available.'® Because transitions
between pure d states localized at the metal atoms are di-
pole forbidden, no interband damping occurs at low ener-
gies. To emphasize this we calculated the d-d contribu-
tion to the JDS (dotted curve in the ZrN spectrum in Fig.
2). The JDS without these d-d transitions (dot-dashed
curve) sets in at about 3 eV and is also quite small at 3.3
eV where the shifted Drude plasmon is observed.

In NbC and NbN the p-like density of states around the
Fermi energy is considerably larger than in ZrN. Thus
more interband transitions are possible at low energies and
an additional damping mechanism for the Drude plasmon
is provided. The low-energy plasma excitations in TiN
and VN followed exactly the same trends.®

At higher energies, the curves in Fig. 2 are dominated
by interband transitions only. The broad peak around
8—10 eV in all compounds corresponds to strong transi-
tions between p and d bands which are reproduced quite
well by the JDS. The peaks at 10 €V in NbC and 18 eV in
ZrN can be assigned to transitions from nonmetal s bands
to the lower part of the d bands. The shoulder at 18 eV in
NbC is caused by C 2s transitions to unoccupied d-
derived states several eV above the Fermi level. Very
similar transitions were observed in the corresponding 3d
compounds.® Structures above 25 eV must be attributed
to transitions to bands above the d bands. Also the Zr 4p
core excitation becomes possible at about 30 eV which
was not included in our calculations.

The peak positions of the experimental OJDS curves
and the theoretical JDS results agree well. However, the
JDS curves show more structure than the experimental

data; this is most probably due to lifetime effects which
have not been included in the theory. Also the relative
peak amplitudes are not correctly reproduced, because of
matrix-element effects which have also been neglected.

As compared to VC, g3 the OJDS of NbC shows a clear
minimum around 3 eV. As already mentioned this differ-
ence has its origin in an increased transition rate in VCj gg
due to nonmetal vacancies which enhances the OJDS and
damps out the low-energy plasma excitation. Above 12
eV the OJDS of the 3d and 4d compounds show some
differences. The 2s-d transitions in NbC are less pro-
nounced than in VCgygs. In the 3d nitrides, a peak at 12
eV, arising from transitions between p bands and states
above the d bands, was observed which is not present in
ZrN and NbN. In the 4d compounds, the p as well as the
d bands are somewhat broader as compared to the 3d
materials. Therefore the broad p-d transitions peak in the
OJDS centered around 10 eV extends to higher energies.
Thus transitions to states above the d bands around 12 eV
might be obscured.

V. SUMMARY

NbC, ZrN, and NbN were studied using high-resolution
electron-energy-loss spectroscopy. The loss functions, as
well as the Kramers-Kronig—derived dielectric properties
showed some similarity as well as characteristic differ-
ences to the related 3d compounds. In all spectra, a
characteristic low-energy loss around 3.5 eV was observed.
The damping mechanism for this loss was shown to be the
same as for the corresponding 3d materials. The main
volume plasma loss was observed near the free-electron
plasma energy. The optical joint densities of states de-
rived from these data were compared to joint densities of
states deduced from band-structure data. The agreement
was quite well. Differences in the corresponding 3d com-
pounds can be explained by different band structures.
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