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ReAection electron-energy-loss spectroScopy (EU) and ultraviolet-photoemission spectroscopy (UPS)' have been
used to study the electronic properties of VN„(0.0 &x g 0.96). Polycgstalline samples of several compositions have
been fabricated with special care to avoid oxygen contamination. ELS is used to examine the collective oscillations
("plasmons") of the valence electrons, and one-electron coze-level excitations, while angle-integrated UPS
experiments using the resonance lines of He and Ne are used to probe the valence-band density of states. The ELS
experiments are the first of this type on any of the transition-metal nitrides or carbides, while the UPS results are the
first reported for VN„. Good overall agreement is found with the calculated density of states of Neckel et a/. The
experimental results seem to indicate that composition changes result in a reshaping of the hybridized

(V —3d ) + (N —2p) valence band rather than a simple rigid-band-like shift of the Fermi level.

I. INTRODUCTION

The transition-metal Ditl ides Rnd carbides
(TMNC's) have long been of interest due to their
unusual combination of physical properties. ' '
These pxoperties are closely tied to the electronic
structure of the materials and have led to rather
extensive theol etlcal Rnd expex'1IQ6DtRl in-
vestigations. TiC„has been by far the most spec-
troscopically studied of the TMNC's. Early con-
troversies~ ' about the placement of the nonmetal.

2p states and the assocjated direction of charge
transfer have been resolved, favoring the results
of augmented-plane-wave calculations of the band
structure and the density of states (see Ref. 14
for a review of these calculations) which place
the nonmetal 2p states below the Fermi level (E~)
a d th s p ed. t haxge t a sfe f o etal to
nonmetal atoms.

The present work concentrates on the vanadium-
nitrogen system whj. ch displays superconductiv-
ity'" "as well as the other properties commonly
associated with the TMNC's. %6 have employed
angle-integrated ultraviolet-photoemission spec-
troscopy (UPS) to investigate the valence-band
density of stRtes RDd x'ef lection electx'oD-enex'gy-
loss spectroscopy (ELS) to study the collective
valence-electron oscillations and the core-level
intexband excitations. Samples of several com-
positions have been examined to determine the
effects of the nitrogen-to-vanadium atomic ratio
(x) on the electronic structure.

II. THE VANADIUM-NITRIDE SYSTEM

Although a complete phase diagram of the vana-
dium-nitxide system is not available, it is well
established that the superconducting 5-VN phase
of VN„ lies in the composition range 0.72 ~g
~ 1.00.~'~ 25 The crystal structure in this range
is the rocksalt structure (01) with the vanadium
atoms comprlslng an fcc lattice and the nitrogen

atoms occupying octahedral intex stitial sites. The
lattice constant increases in a nearly linear fash-
ion from go=4.0662 + at g =0.72 to go=4. 1398 A,

at g =1.00.22 Over this same composition range,
the superconducting transition temperature in-
creases from T,= 2 K (x = 0.72) to T,= 9 K (x = 1.00).
This behavior is shown graphically in Fig. 1.
Nitx'ldlDg vanadium by dlx'ectly heating the IQetal
1D nitrogen gRs requires reaction temperatures
above 1200 'C. '

A hexagonal phase, P-VN, exists for VN, within
the limits 0.35 ~ x c 0.49.' "" p-VN is not a
superconductox" and is easily distinguished from
5-VN in x-ray diffx'action measux'ements. A two-
phase region of 5-VN and p-VN apparently exists
for 0.49 ~g &0.72.

III. EXPERIMENTAL

A. Sample preparation

The nature of the measurements employed in
this study makes it imperative that samples of
the highest possible purity and cleanliness be
used. The major problem here is the avoidance
of oxygen contamination, eithex' in the bulk or on
the surface. Bulk oxygen could degrade the supex-
conducting 7 s while both bulk and surface oxygen
would alter the UPS and ELS spectra. This latter
problem turns out to be the most severe with VN.
Samples of high bulk purity and displaying excel-
lent g, characteristics were sometimes unusable
because an oxygen-free surface could not be ob-
tRlned.

With this sevex e cleanbness restriction in mind,
samples were fabricated by one of two techniques.
The method we used most extensively involved
nltrldlng the vanadium Sn sS tu. A major advantage
here is the stringent control over the nitriding
8Dvlx'onnlent. An electx'opollshed, high-pux'lty
(99.99%) vanadium foil (- 0.08 mm thick) was
cleaned in acetone and methanol before being
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FIG. l. (a) Dependence of the lattice constant on the
N/V ratio (x) (Ref. 22). (b) Dependence of the super-
conducting transition temperature on the I/V ratio gtef.
1).

placed in the ultrahigh vacuum (UHV) chamber.
After reaching a base pressure. of ~ 1.0x 10 '
Torr the vanadium-foil surface was made atomi-
cally clean through extensive high-temperature
outgassing (&1600 'C at &1x10 ' Torr) followed
by several cycles of sputter cleaning (2-keV Ar'
ions) and lower-temperature (-1000'C) annealing.
This procedure leaves a foil that shows no con-
tamination in the Auger electron spectra, but
displays some evidence of oxygen 2p states in
the UPS spectra. After obtaining a clean vanadium
foil, the UHV chamber was sealed and filled with
nitrogen (99.99990) to a pressure of 0.0 atm& J

S 1.0 atm through a Varian leak valve, connected
by a previously baked stainless-steel line directly
to. the gas cylinder. Alternating current through
the vanadium foil was used to heat it to tempera-
tures ~ 1200 'C (as measured with an optical py-
rometer) for up to 15 hours F. inally, the nitrogen
was removed and UHV restored for the spectros-
copic measurements.

The disadvantages of the in situ method are that
one has no foreknowledge of the sample nitrogen
content (and thus the T, or even the crystal struc-
ture) and that there are difficulties in producing
homogeneous samples. Nitriding temperatures
and pressures play an important role in deter-
mining the final composition and the homogeneity.
These parameters are rather poorly controlled
in the in situ method.

In an attempt to overcome these problems af the

in situ techniques, some samples were also fab-
ricated externally using more conventional means.
UHV-cleaned rectangles (10x20x 0.08 mm') of
vanadium foil were wrapped successively in foils
of molybdenum, zirconium, and tantalum and
then placed in a 3-in. -diameter mullite tube fur-
nace. The wrappings were intended to provide
extra protection against oxygen contamination
during nitriding. Nitrogen flow rates varied from
50 to 100 cm' jmin and nitriding temperatures
from 1200 to 1450'C were used. The prepurified
nitrogen gas was further cleaned by passing it
initially through a drying column and an 800'C
gettering oven filled with copper mesh and zir-
conium foil. This method is quite similar to that
reported by Ajami and MacCrone' except some
extra precautions have been taken to avoid oxygen
contamination. Apparently due to the protective
wrappings, our nitriding times had to be increased
by roughly 100 times over those reported in this
earlier study to obtain homogeneous samples.
The average nitrogen content of these samples
was determined nominally by measuring the mass
increase due to the nitriding. This resulted in
compositions in agreement with those determined
from the lattice-constant dependence on N/V
shown in Fig. 1.

The major problem with the externally made
samples was the oxide layer which grew when
the samples were (necessarily) exposed to air
Due to this oxide layer (determined from depth
profile measurements to be tens of angstroms
thick), the externally made samples required
extensive surface cleaning procedures when mount-
ed in the UHV chamber. It has been reported for
TiC and TiN by Johansson et al."that repeated
flash heating to high temperatures provided clean
surfaces without altering the surface nonmetal-
to-metal ratio. We found this method unsatisfac-
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TABLE I. Besults of characterizations by x-ray diffraction and ac inductive transition-
temperature measurements.

Sample

Nit.
time

Nit.
press.
(atm)

Nit.
temp.
('t ) a, (A.)

k of
4T (K) sample"

UN-2
UN-4
VN-5

VN-6

VN-7

VN-9
VN-10~
VN-11

VN-I' 6

7
15
14.5

106

0.001
0.02
0.05

0.10

0.40

0.8
0.8
1.0

50
cc/min

1300
1500
1530

4.077
4.088

P-VN
0.76
0.80

1450
1230
1330

4.119
4.123
4.125

0.92
0.94
0.94

1220 4.129 0.96

1560 4.098 0.84

1560 4.101 0.85

4.5
8.35
4.9
8.22
5.68
8.4
6.1
7.8

8.25
5.4
8.65
5.4

2.0
0.4
0.9
0.7
0.5
0.4
0.6
0.9
1.4
0.7
1.5
0.3
2.3

100
30
70
65
35
30
70

100
100
45
55
65
35

6T~ is the superconducting transition width as determined from 10% complete to 90% com-
plete.

% of sample is estimated from the relative height of the steps in the inductive T curves as
measured on finely ground powders. Note that since no sample other than UN-10 gave indi-
cation of other than a single phase or composition from careful x-ray measurements, these
numbers may overestimate the amount of competing phase present. See text for details.' Sample VN-10 showed &5% P-VN in the x-ray diffraction pattern.

tory for VN, apparently due to its lower decom-
position temperatures. We have found that sputter
cleaning with argon ions at room temperature,
followed by further sputtering at temperatures

VN- F6
(x = 0.96)

S 1200'C, and followed finally by annealing at
-1000'C is required to provide clean VN surfaces
without continually depleting the nitrogen content.

During both UPS and EI.S measurements, the
sample surface cleanliness was monitored using
Auger electron spectroscopy (AES). Periodic
(approximately every 15 min. ) outgassing to 1000
'C was required to maintain clean surfaces. A

typical Auger spectrum for a VN„sample is shown
in Fig. 2.

B. Sample characterization
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FIG. 2. Typical Auger electron spectrum for a clean
(5-VN sample. Note there is no evidence of the carbon
peak at -270 eV. The oxygen and vanadium Auger spec-
tra overlap around 500 eV, but this trace shows little or
no oxygen contribution.

All samples described here have been charac-
terized by both x-ray diffraction and ac inductive
transition-temperature measurements. This is
necessary because the superconducting properties
are critically related to the nitrogen content, the
impurity levels, the crystal structure, and the
sample homogeneity. The results of these char-
acterizations, along with the sample preparation
parameters are shown in Table I.

The lattice constant and composition, range of
5-VN found in this study agree well with those
reported in the literature. '"" The g values
shown in Table I are determined from the lattice
constant. It should be noted that several of the
samples listed in Table I showed multistructured
transition-temperature curves, suggesting the
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existence of regions of different composition,
even though x-ray diffraction results showed well
resolved Cu Ko., and Xz, doublets and a single
lattice constant and hence good homogeneity. The

T, measurements were done on finely powdered
specimens to avoid shielding effects that could
overestimate the contribution from a thin surface
layer. We have been unable to determine a con-
sistent and complete explanation for this phenom-
enon. Because of the possibility of incomplete
homogeneity, these particular samples should
not be relied upon too heavily in looking for com-
positional dependences. Their ELS and UPS spec-
tra are, however, certainly representative of
5-VN. Samples VN-4 (x=0.76) and VN-9 (@=0.92)
show suitably sharp diffraction patterns and homo-
geneous T, 's so that they can be used for studying
compositional comparisons. VN-10 shows fairly
good T, results but contains a very small (& 5%)
amount of P-VN impurity phase. We will rely
primarily upon these three samples for our study
of compositional dependences.

C. ELS and UPS measurements

The UHV apparatus used in these experiments,
which has a base pressure ~10 "Torr, has been
described elsewhere. " A two-stage cylindrical
mirror analyzer (CMA) was used for AES, ELS,
and UPS measurements. A grazing-incidence
electron gun was used for AES and ELS while
a microwave-excited noble-gas discharge lamp"
was used in UPS experiments. The foil samples
are mounted in stainless-steel clamps attached
to a precision manipulator.

ELS measurements were taken as outlined in
previous work. " Unless otherwise noted, all ELS
spectra shown here were obtained using 500-eV
primary electrons. Peak-loss values obtained
at other primary energies yielded identical re-
sults. First-derivative spectra [dpi'(E)/d E] are
used to locate core-level thresholds while the
negative second derivative [ d'N(E)/dE'] i-s used
to examine the collective oscillations. The un-
differentiated loss spectra &(E) are used primar-
ily for looking at loss intensities. The resolution
in the ELS measurements is limited by the full
width at half maximum (FWHM) of the primary
beam. This width improves from - 0.7 eV at E~
=1000 eV to-0.4 eV at &~=100 eV.

The angle-integrated photoelectron energy dis-
tribution curves (EDC's) were recorded using
He I (21.2 eV), He II (40.8 eV), Ne I (16.8 eV),
and Ne II (26.9 eV) ionization lines. Note that the
Ne II EDC also shows a contribution from the
fairly intense satellite line at 27.6 eV. To sus-
tain the low-pressure discharge (- 10 Torr) re-

quired for the second ionization lines, a weak
axial magnetic field was applied to the discharge
capillary. " The instrumental resolution can be
estimated from the sharpness of the Fermi edge
in VN and appears to be - 0.4 eV with a CMA pass
energy of 25 eV.

IV. RESULTS AND DISCUSSION

A. ELS

Typical ELS spectra for V and 5-VN are shown

in Fig. 3. We are unaware of any previous ELS
work on any of the TMNC's. A detailed discussion
of the vanadium spectra has been published pre-
viously.

The following comparisons between V and 5-VN
should be noted in the core-level region (energy
losses a 30 eV). The V 3p and V 3s core levels
[located by peaks in d&(E)/dE] have shifted to
greater binding energies in the nitride (36.6 eV-
39.9 eV for V3P and 66.9 eV-68.0 eV for V3s}.
This shift is consistent with, but not proof of,
charge transfer from the vanadium atoms to the
nitrogen atoms. The additional structure, ex-
tending roughly 25 eV beyond the V3P level in

both V and 5-VN, has changed shape in the nitride.
This additional. structure (observed in many of
the transition metals and their compounds" ) is
believed to be related to the empty final states
just above E„, but is not completely understood
for the early members of the third-row transition
metals. "" However, one would anticipate the
alteration due to the hybridization of the V 3d and

N2p states near E~ in V¹
In the collective region (energy losses ~ 30 eV),

changes caused by nitriding are more dramatic.
The free-electron-like volume and surface col-
lective oscillations ("plasmons") of the valence
electrons have shifted from 21.5 eV and 14.8 eV
in V to-25. 3 eV and -15.3 eV in 5-VN. The cal-
culated free-electron "plasmon" energies (using
the valence electrons) predict this shift fairly
well for the volume contribution (22.3 eV for V
and 24.9 eV for VN, «using the V 3d and N2p elec-
trons). 6-VN also shows a shoulder to the volume
plasmon in —d'~/dE' which is of unknown origin.
The so-called "lowered plasmons" observed in
vanadium (and other transition metals"" ") at
9.6 eV (volume) and 5.3 eV (surface} seem to per-
sist in 5-VN, also shifting to higher energies
(- 10.8 and - 7.0 eV, respectively). In addition
to these collective oscillations, one observes
the appearance of a very sharp low-energy peak
at 2.8 eV in the nitride that was not present in V.
Preliminary work on other transition-metal ni-
trides (NbN and ZrN indicate this low-energy peak
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may be characteristic of ELS spectra from these
materials. This low-energy peak could be caused
by interband transitions near the Fermi level.

Figure 4 shows the dependence of the energy-
loss intensities on the primary energy E~. The

Fj:G. 3. (a) ELS dN/dE spectra for pure vanadium and
a 6-VN sample. The vanadium 3p and 3s core levels can
can be seen at ~ 40 and ~ 70 eV, respectively. The core
levels shift to greater binding energy in the nitride. (b)
ELS -d N/dE spectra. for pure vanadium and a 6-VN
sample.

light vertical lines mark the l.oss energies as
determined by dN/dE and —d'Ã/dE' for E~ = 500
eV. The intensity dependence on g~ is helpful
in distinguishing surface from volume contributions
in the loss spectra. Generally, volume contribu-
tions are expected to be more prominent at higher
primary energies while surface contributions
should dominate at lower energies. No attempt
has been made to remove the multiple scattering
background (which becomes quite evident in the

E~ =100 eV spectrum). Note the improved resolu-
tion of the low-energy (2.8 eV) peak as E~ de-
creases, due to reduction of the energy width
of the primary beam. The intensities for the core-
level excitations at - 39.6 and - 68.0 eV seem to
decrease with primary energy (probably a cross-
sectional dependence). Intensity changes with E~
in the collective region provide some evidence
for the volume nature of the -25-eV peak in that
its relative intensity seems to decrease with p, .

Qur identification of the plasmon energies must
be considered tentative since the detailed behavior
of the real and imaginary parts of the complex
dielectric function cannot be readily deduced from
our reflection ELS data. However, the corre-
spondences with the vanadium spectra, the good
agreement with the free-electron plasmon calcu-
lation, and the demonstrated volume nature of
the 25.3-eV peak give us reasonable confidence
in our assignments.

Efforts to determine compositional dependences
in the ELS spectra are shown in Fig. 5 and the
loss values (including some samples not shown
in Fig. 5) are given in Table II. The spectra rep-
resent samples covering most of the stable 5-VN
composition range, as well as pure V and a V,N

sample (P-VN). As mentioned above, VN-4, VN-9,
and VN-10 should be used primarily for-these
comparisons due to homogeneity requirements.

The P-VN sample is easily distinguished from
the 5-VN samples in the collective region. How-
ever, for those samples within the 5 phase, no
obvious g-dependent trends are seen. Within the
free-electron plasmon calculation, the change
in valence-electron density should cause an in-
crease of the volume plasmon energy by - 0.7 eV
on increasing x from 0.72 to 1.00. This type of
behavior has been observed in optical experiments
by Lynch et al."on TiC„. We see no trends of
this type, but they may be obscured by the rela-
tively low resolution of our experiment. Small
monotonic core-level shifts (of about 0.2 eV) have
been observed by Johansson et a/. "in TiC as x
increases. Although we see a —1.0-eV shift be-
tween V and 5-VN (for the V Ss core level), no
trends within the 5 phase are observed (again,
our resolution may be too low).
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TABLE II. Electron-energy-loss values for VN„samples. Loss values in eV.~

C

0.92

VN-11

0.76 3.3 7.6 10.9 14.5
(0.1) (0.2) (0.2) (0.2)

VN-5 0.80 2.9 7.0 10.8 15.5
(0.1) (O.l) (0.1) (0.1)

VN-6 0.84 2.9 6.9 10.8 15.5
{01) (0 2) {0«1) {0.1)

VN-7 0.85 2.8 7.0 10.7 15.3
(0.1} (0.2) (O.l) {0.1)

VN-9 2.9 6.9 10.8 15.3
(0.1) (0.1) (0.1) (0.3)

VN-10" 0.94 2.7 7.1 10.7 15.9
(0.1) {O.l) {O.l) (0.1)

0.94 2.8 6.9 11.0 15.6
(0.1) (0.1) (0.1) (O.l)

VN-E6 096 29 72 109 149
{01) {01) (0.1) (0 2)

21 6 25 6 39 3 45 7 68 0
(0.2) (0.2) (0.6) (0.3) (0.4)
21.1 25.3 39.9 46.0 68.0
(0.3) (0.1) (0.1) (0.2} (0.1)
21.1 25.3 39.6 45.6 68.0
{0.1) (0.1) (O.l) (0.2) {0.1)
20.9 25.0 39.7 45.6 68.0
(0 2) (0 2) (0 1) (0.3) (0 1)
21.1 25.2 39.8 46.1 68.1
(0.2) (0.2) (0.2) (0.3) (0.2)
21.0 24.8 39.9 45.8 67.9
(0 1) (0 1) (0 2) (0 2) (0 1)

21 2 25 2 39 5 45 4 68 0
(0.1) (O.l) (0.2) (0.2) (O.l)
21.0 25.3 39.3 45.4 67.6
(O.l) (0.2) (0.1) (0.2) (0.2)

~ The hiss values reported are the average of several measurements. The standard devia-
tion is given in parentheses.

This sample showed approximately 5% VIN in the x-ray diffraction pattern.

lar dependence of the hybridized region. Our
experimental apparatus does not allow independent
variation of the incidence and collection angles.
The inset in Fig. 8 shows the meaning of "most
normal incidence" (MNI) and "most grazing inci-
dence" (MGI) in the present context. For all sam-
ples, the —5.2-eV and the —7.0-eV shoulder were
better resolved at MNI, while the bandwidth re-
mained the same. From our data alone, one can
only speculate about the origin for this angular
dependence. Actual angular dispersion is possible
since the CMA does not integrate over all emission
angles and the samples showed grains (1-2 mm)
larger than the light-beam width.

Figure 9 shows EDC's from samples of several
compositions for 0& = 21.2 eV. Peak and- minima
locations are tabulated in Table III. No simple
rigid-band-like shifts are observed in either the
peak locations or the bandwidth. There is only
a slight hint of the shoulder at —V.O eV in the
VN07, sample (and this was not angle related).
The largest peak lies 0.3-0.4 eV deeper in the

VN076 sample than in the VNO» sample. This is
actually reversed from a rigid-band expectation.
These results seem to imply a more compbcated
rearrangement of the hybridized bands as x in-
creases and are supported by results at 8 =16.8
eV.

V. CONCLUSIONS
INITIAL- STATE ENERGY (eV)

VN-7
(x= 0.85)

N-9
=0.92)

N- IO
= 0,94)

N- F6
= 0,96)

To our knowledge, there are no previous ELS
results on any of the TMNC's with which we can

FIG. 9. Photoemission EDC's at A~ =21.2 eV for 8-VN
samples of several compositions. The spectra are
normalized with respect to the peak near Ez.
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TABLE III. UPS results for See=21.2 eU.

Sample EDC (eV)
EDC

minima (eU)
Hybridized

bandwidth (eV)

VN-4
VN-5
VN-6
VN-7
VN-9
VN-10
VN-. 11
VN-E6
Bef. 10

0.76
0.80
0.84
0.85
0.92
0.94
0.94
0.96
1.00

-0.3
-0.3
-0.3
-0.4
-0.2
-0.3
-0.3
-0.2

-5.5
-5.5
-5.5
-5.2
-5.2
-5.1
-5.2
-5.2
-5.8

-6.9
-6.9
—7.0
-6.9
-6.8
-7.0
-6.8
-7.0

2 03

-2.2
2 03

2 03

-2.2
-2.1
-2.1
-2.0

2 c7

8.3
8.5
8.3
8.5
8.5
8.5
8.5
8.5
8.7

compare our data. Loss functions for TiC„cal-
culated from optical work by Lynch et al." show
many of the same general features as our VN„
results: (1) a peak in the volume-loss function
near the calculated free-electron plasmon energy,
and (2) a lowered plasmon peak of unknown micro-
scopic origin. The optical results do not show the
sharp low-energy peak, but this is understandable
in that reflection ELS experiments are known to
violate the dipole selection rules governing optical
work. Our previous work with pure transition
metals" has demonstrated the reliability of our
methods and we have taken adequate precautions
to avoid errors due to surface or bulk contamina-
tion by oxygen, carbon, or other contaminants.

The UPS results indicate good qualitative agree-
ment with the calculated DOS of Neckel et al. '
The experimental peak and minima positions lie
slightly closer to gz than predicted, but the band-
width (8.5 eV} is in good agreement. While there
are no other UPS results on 5-VN with which to
compare our data, recent work by Johansson
et al."on the very similar material, TiN, appears
to reveal much the same type of structure.

Neither the ELS nor UPS results indicate rigid-
band-like behavior as the N/V ratio changes. This
is contrary to models used recently to explain
neutron scattering data on VN„(Ref. 24} and the
assumptions made by Rietschel et gl."in their
discussion of the role of paramagnons in super-
conductivity in VN. Our observations are in basic
agreement with previous experimental work on
compositional dependence of the electronic struc-
ture of TiC„. ~ ' Theoretical work on this prob-

lem has been carried out by several groups'
but little agreement has been found. Our experi-
mental results seem to imply a more complicated
rearrangement of the hybridized bands with chang-
es in N/V. Some of the general predictions of
Klima" in regard to TiC„seem to be borne out
in the VN„results, namely the loss of fine struc-
ture and the shift of the second major valence-
band peak to greater binding energy as x decreas-
es.

Improvements on this VN„work could be made
by expanding the photon-energy range used for
UPS measurements in order to further study pho-
ton-energy dependences of the EDC's. Synchro-
tron radiation is ideal for this purpose, but the
involved sample preparation and cleaning proce-
dures that we have found necessary with VN are
rather inconvenient for synchrotron work. Of

course, angle-resolved studies on single crystals
would help determine energy-band dispersions,
but sample-related problems are likely to be even
more severe. We have started similar work on
NbN„and ZrN„. Preliminary results are quite
similar to those reported. here for VN and are
planned to be published in a later paper.
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