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Band-structure studies of NbN and VN are reported. The results of angle-resolved photoemission
experiments performed on NbNy¢; and VN g9 are presented. The bulk-band structures calculated
for stoichiometric NbN and VN using the linearized augmented-plane-wave method are presented
and utilized in the interpretation of the experimental spectra. It is shown that most of the features
in the spectra can be accounted for by direct bulk-band transitions. A fairly good agreement be-
tween experimental and calculated band locations and dispersions is obtained.

I. INTRODUCTION

The transition-metal nitrides and carbides form an in-
teresting class of materials since they show an unusual
combination of physical and electrical properties.! These
properties, such as extremely high melting points, extreme
hardness, and metallic conductivity, are related to their
electronic structure. Detailed studies of the electronic
structure of these materials seem therefore well motivated.
Such studies have earlier been reported on TiC,>3 TiN,*
and ZrN,’ and in this paper a detailed study of NbN and
VN is presented. The results of angle-resolved photoemis-
sion experiments and of band-structure calculations on
NbN and VN are reported. Earlier angle-integrated
photoemission experiments on NbN (Ref. 6) and VN (Ref.
7) provided information only about the total density of oc-
cupied states.

Together with angle-resolved photoemission results on
NbN(100) and VN(100), band-structure calculations car-
ried out for stoichiometric NbN; , and VN, using the
linear augmented-plane-wave (LAPW) method are report-
ed. The calculated band structures are used together with
the direct-transition model to interpret the experimental
results. This method of interpretation in terms of direct
bulk-band transitions has earlier been shown to work
well>~> for (100) surfaces of other transition-metal ni-
trides and carbides. Also, for VN(100) and NbN(100) it is
shown below that most of the structures in the photoemis-
sion spectra can be interpreted as originating from direct
transitions between bulk bands. In contrast to the results
obtained on some other nitrides,® no surface-induced
feature was observed on NbN(100) and VN(100).

II. EXPERIMENTAL

A single crystal of cubic §-NbN was made by annealing
a single crystal of tetragonal y-NbN in pure nitrogen.
The single crystal of y-NbN was made by annealing a
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polycrystalline rode of niobium of 99.99% purity in a ni-
trogen atmosphere of nominal 99.99% purity at a pres-
sure of 2 MPa. The annealing temperature was approxi-
mately 2100°C, and the annealing time 100 h. The an-
nealing of -NbN to 8-NbN was made at the same nitro-
gen pressure at 2300°C for 150 h. The lattice constant for
the cubic 8-NbN crystal was determined from a Guinier
powder pattern using Cu Ka radiation and silicon as an
internal standard. The composition of the crystal was
determined from the variation of the cell constant with
the composition ratio x in NbN,,>!° and also gravimetri-
cally by ignition of NbN in air at 1100°C to Nb,Os. The
two measurements agreed with each other and yielded the
composition NbN 3.

The vanadium nitride crystal was made by zone-
melting crystal growth of a polycrystalline rod of VN
with an almost stoichiometric composition.!! Guinier
photographs were taken of the single crystal using the
same procedure as described above, and form the varia-
tion of the cubic-unit-cell parameter with the ratio x in
VN, the composition of the single crystal was determined
to be VNg 4.2 The crystal was annealed in 99.99% pure
nitrogen at 1.85 MPa and 1950°C for approximately 150
h. After this treatment the composition was found to be
VNjp go. Both NbN and VN crystallize in the rocksalt
structure.

The conventional angle-resolved photoemission system
used in these experiments was described earlier.* High-
temperature flashings were used in order to achieve a
clean VN(100) surface. Flashings to about 1100°C were
found to produce a clean surface. The NbN(100) surface
was cleaned by sputtering with argon ions followed by an-
nealings to about 800°C. The cleanliness of the samples
was checked with Auger electron spectroscopy. The crys-
tals were exposed to CO and O, at room temperature us-
ing pressures in the 10~7—107°-Pa range, in order to
check if any feature in the spectra was particularly sensi-
tive to surface contamination.

575 ©1985 The American Physical Society



576 A. CALLENAS et al. 32

Both crystals were oriented azimuthally prior to mount-
ing in the spectrometer with the aid of x-ray diffraction.
In the spectra shown below, the incidence angle of the ra-
diation, 6;, and the electron-emission angle, 0,, are given
relative to the sample surface normal. The midpoint of
the Fermi edge is used as the reference level in all spectra.

III. RESULTS AND DISCUSSION

A. Band-structure calculations

An interpretation of the photoelectron spectra by direct
transitions between bulk bands has worked in similar
cases.3™> Before describing how the energy bands are cal-
culated in the present case, two remarks should be made:
(i) in connection with TiC it has been discussed’ that the
.eigenvalues €(n,k) are not rigorously the system’s excita-
tion energies; (ii) the real crystal is not stoichiometric, so
that even for bulk properties (neglecting the surface) the
assumed NaCl structure is an idealization.

The energy bands of the two compounds studied here
have both been calculated using the self-consistent
augmented-plane-wave (APW) method, where the effects
of exchange and correlation are approximated by the Xa
method; this was done by Schwarz!>!* for NbN and by
Neckel et al.'” for VN.

For the present analysis we need band energies on a fine
k grid up to about 40 eV above the Fermi level. These en-
ergies should approximate the final state of the pho-
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~ FIG. 1. Energy bands of NbN calculated by the pseudorela-
tivistic LAPW method. The dashed arrows illustrate direct
transitions using He1 radiation (peaks B and D in Fig. 3).
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FIG. 2. Calculated energy bands of VN using the LAPW
method. Direct transitions for Hel radiation are illustrated by
the dashed arrows (peaks 4 and B in Fig. 7).

toelectron process. Since such data are not available from
the earlier publications of Schwarz and co-workers,!>!3
we use their self-consistent APW potentials and perform
new calculations by the linearized APW method
(LAPW).1% The energies were calculated for a plane
through the Brillouin zone surrounded by the k points I'-
(A)-X-U-L-K-(2)-T'. In this plane a uniform mesh of
149 k points is obtained by dividing the A direction into
16 and the X direction into 12 intervals. The LAPW cal-
culation for VN is done nonrelativistically as was the
work on TiN.* Since it was found® that in ZrN relativis-
tic effects are no longer negligible, they were approximate-
ly taken into account by the technique of Koelling and
Harmon,!” in which the Dirac equation is solved by drop-
ping the spin-orbit interaction. Consequently the same
pseudorelativistic LAPW calculation (as for ZrN) is
chosen for NbN. Since the energy dependence of the radi-
al wave functions can be linearized over an energy range
of about 12 eV, in both cases four energy sheets were re-
quired to span the whole energy range of interest. In
every sheet the wave functions are expanded around E;
(for definitions see Ref. 16) and the same parameters E;
are taken for VN as for TiN,* and for NbN as for ZrN.’
Although for both compounds the LAPW calculations
were done with an unsymmetrized version, the symmetry
labels of the energy eigenvalues can be obtained by apply-
ing projection operators afterwards. These LAPW results
together with compatibility relations yield the complete
band structures shown in Figs. 1 and 2.
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B. NbN(100)

In Fig. 3 angle-resolved electron-energy distribution
curves (EDC’s) recorded from the NbN(100) surface using
unpolarized Hel (21.2 eV) radiation are shown. The spec-
‘tra were recorded at different polar angles, 0,, along the
(011) azimuth thus probing the I'-(A)-X-U-L-K-(2)-T"
plane of the bulk Brillouin zone. In order to identify the
symmetry of the initial states, spectra were recorded at
two different incidence angles, 6;, of the light. In Fig.
3(a) the incidence angle is 15° and in Fig. 3(b) it is 45°
Symmetry-selection rules'® show, for normal electron
emission, 6, =0°, that the electric field component parallel
to the surface, E |, excites only initial states of As symme-
try while the perpendicular component E| excites only in-
itial states of A; symmetry. Since E|/E, is greater for
0;=15° than for 6; =45° the symmetry of the initial states
can be identified. The normal-emission spectra in Figs.
3(a) and 3(b) show that peak B should be associated with
emission from a Aj initial-state band and that peaks C
and D can be identified as arising from initial states of A,
symmetry. '

By using the band-structure results (Fig. 1) and the
direct-transition model, peak B can be interpreted as aris-
ing from transitions between the initial-state band of As
symmetry at about 4.4 eV below the Fermi level and the
final-state band of A, symmetry at about 16.8 eV above
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FIG. 3. Angle-resolved Hel spectra from NbN(100) mea-
sured at various polar angles 6,.

the Fermi level, As (Ep—4.4 eV)—A; (Er+16.8 eV) (see
dashed arrow along the I'—X symmetry line in Fig. 1).

Peak D, at about —6.9 eV in Fig. 3(b), corresponds to
transitions between the initial-state band of A; symmetry
at —7.3 eV and the final-state band of A; symmetry at
13.9 eV above the Fermi level, A; (Ep—7.3
eV)—A; (Er+13.9 eV) (see dashed arrow in Fig. 1).

The peak labeled A4 in Fig. 3 we attribute to emission
from the initial state band of A, symmetry. This peak
only appears in the off-normal spectra, as it should ac-
cording to symmetry-selection rules.

The polarization dependence observed for the peak la-
beled C, at about —5.0 eV, associates this peak with tran-
sitions from an initial state of A; symmetry. However,
when using the direct-transition model and the band-
structure calculation shown in Fig. 1, there is no corre-
sponding A, initial state available. Therefore we believe
that density-of-state (DOS) effects may give rise to this
structure, and since it exhibits A; symmetry it may reflect
the location of the relatively flat portion of the A; band
extending around the X, point. A similar structure is
also observed in the spectra recorded using Nel (16.85 eV)
radiation as discussed below.

In the photoemission process the component of momen-
tum parallel to the surface, FH, and the energy are con-
served. By measuring the kinetic energy and the emission
direction outside the crystal, the initial-state energy
E;(k)) of the photoexcited electron inside the crystal can
be determined. The momentum component parallel to the
surface is

[2m(hv+E; —$)]'?
P sind, ,

where E; represents the initial-state energy, 6, the polar
angle, and ¢ the work function. In the calculation of k|, a
work function of 3.8 eV was used. This value was deter-
mined from the low-energy cutoff in the photoemission
spectra. In Fig. 4 the measured and calcuated E;(k ) are
compared. The dots correspond to the experimentally
determined locations of peaks A, B, C, and D and the
dashed lines to the calculated dispersions. The calculated
results were obtained from the full band structure using
the same method as in a previous paper.* Both primary-
cone emission and secondary-cone emission, involving a
G117 reciprocal-lattice vector, were included in the calcu-
lation. When comparing experimental and calculated re-
sults in Fig. 4 a good agreement is obtained for peaks A
and D. Peak B is seen to lie about 1.0 eV closer to the
Fermi level than the calculated position at 6, =0°, but the
dispersion of this peak agrees well with the calculated
dispersion. There is no calculated band dispersion that
fits with the dispersion determined for peak C.
Measurements using unpolarized Nel radiation (16.85
eV) were also performed on the NbN(100) surface as
shown in Fig. 5. These spectra were recorded at different
polar angles along the same azimuth as the Hel spectra
shown in Fig. 3. Three peaks, labeled B, C, and D, are
clearly seen in Fig. 5. According to the above-mentioned
symmetry-selection rules, peak B, at about —3.4 eV, can
be interpreted as due to transitions from a Aj initial-state
band, thus reflecting transitions As (Ep—4.2 eV)—A,

Lkl =
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FIG. 4. Comparison between experimental and calculated
peak positions as functions of k|, along the (011) azimuth.
See text for details.
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FIG. 5. Angle-resolved Nel spectra from NbN(100) mea-
sured at various polar angles 6,.

(Er+12.6 €V) in the calculated band structure. Transi-
tions between the A, initial-state band and the A, final-
state band, A; (Er—6.3 eV)—A[(Er+10.5 eV), can like-
wise explain the origin of peak D in Fig. 5. The experi-
mental position of this peak is at an initial-state energy of
about —5.8 eV in the normal emission spectrum, see Fig.
5(a). The peak at —5.0 eV, labeled C in Fig. 5(b), is inter-
preted as due to DOS effects as discussed above for the
peak C in Fig. 3. In this case peak C is observed to
disperse toward lower initial-state energy as the polar an-
gle increases above 10°.

In Fig. 6 the energy positions of the peaks shown in
Fig. 5 are plotted versus k; (dots) and the calculated
dispersions are shown as dashed lines. Also, at this pho-
ton energy the trends in the experimental peak positions
agree fairly well with the trends of the calculated value.
However, the experimental value of peak B, at 8, =0°, lies
about 0.8 eV closer to the Fermi level than the calculated
value. Since peak C in Fig. 5 is believed to be due to DOS
effects there should be no calculated band in Fig. 6 corre-
sponding to this peak. In order to see if this peak may re-
flect the flat portion of the A; band around the X, point
the dispersion of this part of the band structure was calcu-
lated and is shown as a solid line in Fig. 6. If this line is
shifted 1 eV towards the Fermi level it falls right on top
of the experimentally determined energy positions of peak
C (also valid in Fig. 4). This lends support ot our inter-
pretation of peak C and it suggests that the X, point in
the band-structure calculation should be moved 1 eV
closer to the Fermi level.

NbN (100)
hv =16.85 eV

INITIAL-STATE ENERGY (eV)

FIG. 6. Comparison between experimental and calculated
peak positions as functions of kj, along the (011) azimuth.
The solid line represents the calculated dispersion of the Xu
point.
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C. VN(100)

Angle-resolved EDC’s from VN(100) recorded at dif-
ferent polar angles, 6,, along the (011) azimuth using un-
polarized He1 (21.2 eV) and Nel (16.85 eV) radiation are
shown in Fig. 7. The normal emission Hel spectra in
Figs. 7(a) and 7(b) show two prominent peaks labeled A
and B. These peaks can easily be identified by using the
band-structure calculation, the direct-transition model,
and symmetry-selection rules. Peak B, at about —6.9 eV
initial-state energy, is best seen in Fig. 7(b) where an in-
cidence angle 6; of 45° was used. Transitions between the
A, initial-state band and the A, final-state band, A,
(Ep—6.8 eV)—A, (Ep+14.4 eV), give rise to this peak
(see dashed arrow in Fig. 2). The peak at about —4.4 eV,
labeled A4 in Fig. 7, is due to transitions from the As
initial-state band to the A; final-state band, As
(Ep—3.6eV)—A, (Ep+17.6 V). (Illustrated as a
dashed arrow in Fig. 2). A dispersion towards lower
initial-state energy is observed for this peak as the polar
angle increases.

The energy positions of peaks 4 and B are in Fig. 8
plotted versus k| (dots). Also shown in this figure are
dots corresponding to the peak at the Fermi level. This
peak appears in the off-normal emission spectra and is
quite strong at emission angles 6,, between 10° and 20°
and at 6, >40°, as seen in Fig. 7. The calculated band
dispersions using the full band structure, and a work func-
tion of 3.9 eV, are shown in Fig. 8 as dashed lines. A fair-
ly good agreement between experimental and calculated

results is obtained as seen in Fig. 8. For peak A4, however,
the calculated energy position is about 0.9 eV closer to the
Fermi level than the experimental value at normal emis-
sion.

-2 VN (100) R
hv =212 eV A

INITIAL-STATE ENERGY (eV)

FIG. 8. Comparison between experimental and calculated
peak positions as functions of k||, along the (011) azimuth.
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In Fig. 7(c) EDC’s recorded using a photon energy of
16.85 eV and an incidence angle of 15° are shown. A sin-
gle dominant peak is observed at about —4.6 eV in the
normal emission spectrum. Symmetry selection rules can
again be used which show that transitions between the As
initial-state band and the A; final-state band, As
(Ep—3.6 eV)—A; (Er+13.3 eV), do account for this
dominant peak. The dispersion determined for this struc-
ture and the calculated dispersion using the full band
structure give results very similar to the ones shown in
Fig. 8 and are therefore not shown.

IV. SUMMARY

The angle-resolved photoemission technique has been
used to study the electronic structure of NbN and VN in
detail. Experiments were carried out on the (100) surface
of the nonstoichiometric single crystals NbNjg¢; and

VNp.go- The bulk band structure of stoichiometric NbN
and VN was calculated using the linearized augmented-
plane-wave method (LAPW) and was utilized in the inter-
pretation of the experimental data.

Most of the structures observed from the NbN(100) and
the VN(100) surfaces could be explained in terms of direct
transitions between bulk energy bands. This method al-
lowed direct identification of individual bands, whose en-
ergy locations and dispersions could be mapped out and a
fairly good agreement between experimental and calculat-
ed results were obtained. On the NbN(100) surface, how-
ever, there was one structure that could not be interpreted
as arising from direct bulk-band transitions. This struc-
ture, labeled C in Figs. 3 and 5, was interpreted as reflect-
ing DOS effects. Apart from this structure the agreement

between calculated and experimental results for NbN(100)

and VN(100) was as good as that demonstrated earlier for
TiC(100),® TiN(100),* and ZrN(100).>
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