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Carbon-vacancy depth profile at the polar metastable Vco so(111)-(1X 1) surface studied
by lov(-energy electron diffraction
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The VCO 30(111)surface forms a metastable 1 X 1 structure upon argon-ion bombardment and anneal-
ing at a temperature not exceeding 1000 K. We study this structure by low-energy electron diffraction
and are able to determine the relaxation and composition of a four-layer slab inside the surface. The slab
terminates with a vanadium layer at vacuum and is, to a good approximation, stoichiometric; the error
bars of the carbon concentrations in layers two and four are estimated with great care. The interlayer
spacing of the vanadium-carbon double layer next to vacuum is contracted 10% with respect to the (111)
spacing of the bulk. We regard such a strong contraction, not observed on (111)surfaces of metals, as re-
lated to a compensating charge giving rise to a metastabilization of the polar (111)surface of vanadium
carbide.

I. INTRODUCTION

There is an extensive literature on the electronic prop-
erties of transition-metal carbides and nitrides of
sodium-chloride structure. ' These compounds generally
contain vacancies in the nonmetal sublattice. Theoretical
studies show ' that vacancies give rise to new filled elec-
tron states located a few eV below the Fermi level. Par-
ticular features were actually observed around 2 eV
below the Fermi level in photoemission spectra from
polycrystalline TiN (Ref. 4), TiN(100) (Ref. 5), VN(100)
(Ref. 6), VC(100) (Refs. 7 and 8), VC(110) (Ref. 9), poly-
crystalline ZrN (Ref. 4), ZrN(100) (Ref. 10), and poly-
crystalline NbC (Ref. 11), and were interpreted as origi-
nating from vacancy induced states. Theoretical calcula-
tions indicate that a vacancy density gradient in the sur-
face region will strongly affect the electronic structure
and the photoemission spectra. Vacancy density gra-
dients, created deliberately in the near-surface region by
ion sputtering, and their modification upon annealing
were investigated on (100) surfaces of TiC, TaC, and HfC
by means of ion-scattering spectroscopy' and x-ray pho-
toelectron spectroscopy. '

In the present low-energy-electron-difraction (LEED}
work, we study VCO so (111) in its 1 X 1 metastable state,
and we find that a vacancy density gradient exists such
that the crystal is terminated with a stoichiometric sur-
face region. A distinct 1X1 LEED pattern is observed
with an annealing temperature near 900 K, and a recon-
structed three-domain 1 X 8 LEED pattern appears, when
the annealing temperature is raised above 1000 K. The
1 X 1 structure is called metastable, since once obtained
the 1 X 8 reconstruction lasts also in the low-temperature
range. The (111)surface of vanadium carbide is polar. A
polar surface is stabilized by a compensating charge' and
in many cases this compensating charge is derived by a

reconstruction of the surface, including lattice rearrange-
ment and segregation of vacancies. '

In a photoemission investigation of VCpsp(111) the
surface reconstruction was found to affect the electronic
structure with quite drastic changes, ' whose origin could
not be explained from electron energy bands calculated
for the bulk lattice of VC& 0. By means of transmission
electron microscopy (TEM} on VC„ in the composition
range x =0.75—0.86, a long-period superlattice was ob-
served and interpreted as arising from carbon-vacancy or-
dering. ' The superlattice was created above a critical
temperature of about 1000 K but reversed to a disordered
state at lower temperatures. TEM produced superlattice
patterns on all three low-index surfaces, ' while LEED
shows a reconstructed pattern on the (111)surface' and
nonreconstructed patterns on the (100}(Ref. 7) and (110)
surfaces.

The paper is organized as follows. Section II describes
the preparation of a metastable 1 X 1 surface on
VCo so(111) and the recording of LEED data. Section III
lays out the elements of the LEED theory: first, the cal-
culation of ion-core electron-scattering phase shifts by
the linear muffin-tin orbital (LMTO) method; second, the
application of the averaged t-matrix approximation
(ATA) for modeling the scattering by carbon sites that
contain some percentage of vacancies; and third, the
characteristics of the computer program to be utilized for
dynamical LEED calculations. Our structure model for
VCp sp( 1 1 1 ) ( 1 X 1 ) contains seven parameters pertaining
to the lattice reconstruction, to the segregation of carbon
site vacancies, and, inevitably, to the refractive inner po-
tential. We discuss at some length how to fix the values
of the nonstructural parameters with a purpose to secure
a stable LEED optimization. In Sec. IV the structural
analysis is carried out. We use both an automatic fit pro-
cedure with seven parameters and a grid search with six
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parameters. The latter offers a possibility to estimate the
uncertainty of the obtained surface parameters. Section
V discusses the results and Sec. VI concludes the LEED
study.

II. EXPERIMENT

A. Metastable VCO 80(111)-(1X 1)

Vanadium carbide has sodium-chloride structure. In
the [111]direction, pure vanadium layers alternate with
pure carbon layers. After a period of six layers, both the
composition and the lateral displacements of the (111)
layers are repeated, as illustrated in Fig. 1. Sub-
stoichiometric vanadium carbide has a complex phase di-
agram. With carbon atomic fractions 0.6-0.9, several
structures of short-range or long-range order exist. ' For
instance, ordered V6C5 and V8C7 occur with carbon
atomic fractions 0.73 and 0.88, respectively. The VCp sp

sample studied in the present work showed nothing but
the sodium chloride structure in an investigation with x
rays. It was spark cut from a rod grown by means of a
vertical floating-zone technique, ' and the chemical com-
position was determined by chemical analysis.

The sample, a crystal slice about 12 mm in diameter
and mounted on a goniometric head, was mechanically
polished initially with paper and finally with diamond
powder (down to I-pm grains). The residual misalign-
ment between the polished surface and the crystallo-
graphic planes was found to be less than 0.1' from a com-
parison of laser beam reflections and x-ray reflections.
The sample was then installed in a LEED goniometer
equipped with a hemispherical glass screen and grids.
The same optics were used for Auger electron spectrosco-
py (AES} in the retarding field mode to control the sam-
ple cleanliness. The polar angle of incidence and the az-
imuth of the crystal were set with a precision of 0.1', and
the residual crystal tilt was reduced to 0. 1'. This accura-
cy, together with a good cancellation of magnetic fields,
allowed us to obtain, to an excellent approximation, the
same I-V spectra for symmetrically equivalent beams.
The base pressure was kept in the low 10 ' Torr range,
and a titanium trap cooled at liquid-nitrogen temperature
reduced the partial pressure of contaminants.

After introduction in the chamber, the VCoso(111)
sample was flash annealed at about 1500 K in order to re-
crystallize the surface perturbed by the polishing. A
clean and reproducible surface was then routinely ob-
tained by argon-ion bombardment followed by annealing.
Heat treatment at 770—1000 K gives rise to a 1X1
LEED pattern reciprocal to the (111) layers of sodium-
chloride type VCp 8p. Annealing above 1000 K gives rise
to a reconstructed surface, visible as a superposition of
1 X 8 patterns, corresponding to three domains rotated
120' with respect to one another. On subsequent anneal-
ing in the lower-temperature regime, the threefold 1X8
pattern lasts. The 1X1 structure is characterized as
metastable, because it is removed by the 1 X 8 structure in
the manner just described. A necessary condition for the
creation of a surface giving rise to a 1 X 1 pattern is that
the low-temperature annealing is preceded by a strong
argon-ion bombardment.

.197A

FIG. l. The conventional unit cell of VC080, which has
sodium-chloride structure. With reference to the [111]direc-
tion, the crystal consists of periods of six layers with alternating
atomic compositions, VCVCVC.

Under the heat treatment, the crystal underwent con-
siderable strains that led to fractures, possibly due to a
phase transition, and a large rhombic grain (-5-mm side)
developed in the middle of the sample. Its boundaries
were marked and visible to the eye. The large grain was
used in all our LEED and AES measurements of the 1 X 1

and 1X8 structures. In the present paper we focus our
attention on the 1 X 1 metastable phase.

B. LEED preliminaries

We expect that carbon segregates under the thermal
treatment of the sample, so that the surface region has
another structure than the bulk. The LEED experiment
indicates that the outermost layers of VCO so(111)-(I X 1)
are substitutionally disordered. Any long-range or
short-range ordering would have been visible as a com-
plex LEED pattern or as streaks or poorly defined
features in the elastic background. As concerns the
geometrical arrangement of the (111) layers of the
sodium-chloride structure, the layers are conventionally
stacked in the ABC. . . sequence typical of a fcc crystal.
But we are going to consider stacking faults parallel to
the surface, since a carbon segregation could change the
lateral registry of the layers near the surface. We investi-
gate the cases where the terminal layer can be vanadium
or carbon or, perhaps, a mixture of vanadium, carbon,
and vacancies, and we consider a multiple relaxation of
four interlayer spacings inside the surface.

The lattice parameter of vanadium carbide increases
with the carbon content. It is 4.147 A for VCp 8p (Ref.
21) and 4.182 A for stoichiometric VC (Ref. 22}, so that
stoichiometric VC has a 1/o greater lattice parameter
than VCp 8p. In a previous LEED work we found that
the surface region of VNQs9(100) was approximately
stoichiometric. ' If, similarly, VCO &o(111)-(1X1) is ter-
minated by a stoichiometric surface slab that remains in
registry with the bulk, we expect that the interlayer spac-
ing is greater at the surface than in the bulk (with possi-
bly the exception of the first spacing}.

The intensity spectra were recorded in the range
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30—280 eV in steps of 1 eV by means of a spot photorne-
ter mounted on a two-circle goniometer installed above a
IIuorescent screen. We recorded (a) seven spectra at
normal incidence and (b) nine spectra at oblique in-
cidence, with the primary beam leaning 45 with respect
to the surface normal and lying in the mirror plane
through the surface normal and the [112]direction. The
total energy ranges of the two sets of spectra were 1125
and 1950 eV, respectively. A 45' incidence was chosen
with the purpose of increasing the LEED response to an
expected gradient in the carbon-vacancy density near the
surface. Before the LEED calculations, the diffuse back-
ground is subtracted, and the intensities are normalized
to constant incident current.

III. THEORY

A. Phase shifts

A calculation of the surface structure of VCp sp(111)-
(1 X 1) comprises structural parameters, some of which
give a strong LEED response, like an interlayer spacing
close to the surface, and some of which give a compara-
tively weak response, like the carbon-vacancy density of a
surface layer. Until now, it has not been known which
sensitivity LEED has with respect to a vacancy density,
and it is important to avoid as much as possible the com-
petition of such a parameter with other structural and
nonstructural parameters. In this work we attempt to
calculate the electron-scattering phase shifts with no ad-
justable parameters other than a shift of the refractive
inner potential.

The phase shifts for the ion cores of vanadium and car-
bon are calculated from a crystal potential obtained by
the superposition of atomic electron densities. The su-
perposition procedure starts from the same basic assurnp-
tions as the LMTO method. The Wigner-Seitz spheres
of vanadium and carbon in vanadium carbide fill up the
volume of the unit cell and contain electron charges that
make the unit cell neutral. A self-consistent LMTO
band-structure calculation indicates a charge transfer of
0.10 electrons from carbon to vanadium. In the super-
position method, the charge transfer can be modeled by a
renormalization of the overlap of the atomic electron
densities. Madelung shifts are included with the ion-
core potentials, and muffin-tin radii are determined by
the point where the potentials intersect on the line be-
tween the centers of the two ion cores. Vanadium and

0
carbon then get muffin-tin radii 1.15 and 0.94 A, respec-
tively. The superposition potential gives an excellent ap-
proximation to the self-consistent LMTO band-structure
potential referred to and is found to be insensitive to
small adjustments of the Wigner-Seitz radii and the
charge transfer.

The superposition potential is a ground-state potential
appropriate at primary energies near the Fermi level.
However, in the energy range of LEED, the exchange-
correlation part of the electron-scattering potential varies
by several eV. We approximate the excited-state poten-
tial applying the Hedin-Lundqvist local-density method,
as described in detail in an earlier LEED work. The

electron-scattering phase shifts obtained from the
excited-state potential are combined with an energy-
dependent refractive inner potential. In the case of vana-
dium carbide, the latter is to a good approximation given
by the following expression (in eV):

Vll = —3.5 —88(E+ 10)'

where Vz and the primary energy E are referred to the
vacuum level. For example, when E is 60, 150, and 300
eV, Vz takes the values —14.0, —10.5, and —8.5 eV, re-
spectively.

The expression for Vz depends on a particular crystal
parameter that is unknown at the beginning of the LEED
study, namely, the muffin-tin zero of the ground-state po-
tential with respect to the vacuum level. Test calcula-
tions show that, if this parameter is shifted by a few eV,
Vz is shifted together with an insignificant change of
shape. We can thus establish an approximate value for
the muffin-tin zero by preliminary LEED studies on
VCp sp( 1 1 1 )-( 1 X 1 ) and later improve the muIIin-tin
theory simply by shifting the inner potential in the course
of the LEED optimizations. The absorptive part of the
inner potential due to electron-gas attenuation is modeled
by a phenomenological function of the primary energy (in
eV), Vt = —0.85E'".

The thermal vibrations of the crystal are accounted for
by temperature-dependent phase shifts. Grirnvall and
Rundgren propose a theory for determining the Debye
temperatures of the species in the transition-metal car-
bides and nitrides of sodium-chloride type. Such a solid
has the remarkably property that the two species vibrate
with the same mean-square amplitude at high tempera-
ture. It turns out that the atomic Debye temperatures
can be derived from the entropy of the solid when the re-
lationship between entropy and mean-square amplitude is
known for one crystal in the aforementioned category of
solids. Referring to mean-square amplitudes measured
for TiC and NbN by neutron-diffraction and helium-
channeling experiments, the theory gives calculated
values for the Debye temperatures in VNQ s9(100) in ex-
cellent agreement with a LEED measurement. By ap-
plying the same theory to vanadium carbide, we find the
atomic Debye temperatures OD =519 K and 8D =1070
K. An exploratory LEED study including the optimiza-
tion of several surface parameters shows that these Debye
temperatures can be used to a good approximation for all
layers of VCp sp(111)-(1X 1).

B. Carbon-site vacancies and ATA

The electron scattering in a random binary compound
can be described by ATA (Ref. 30). In cases where the
binary compound segregates in a layerwise fashion, we
consider a generalized ATA (Ref. 31), in which the layers
contain atoms A and 8 with atomic fractions x~"' and
1 —x„'"' depending on the layer number n. The scattering
amplitudes of randomized atom in layer n is then a linear
combination of the scattering amplitudes ti ~ of atom A

and tl~ of atom 8,

tl alloy XA tl A +(1 Xg )tl ll
(n) (n) (n) (n) (2)
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where l labels the partial waves.
The validity of ATA for LEED from random alloys

was recently corroborated by LEED calculations on the
(100) surface of Pt-Ni alloys, where ATA was compared
with the coherent-potential approximation. Earlier ATA
and LEED were successfully used for measuring the sur-
face segregation on platinum-nickel alloys ' and on
platinum-iron alloys. ' The combined methods reach
an equally good agreement between theory and experi-
ment as LEED on pure metals. The fact that the surface
compositions found in this manner agree with the compo-
sitions obtained by AES, x-ray photoemission spectros-
copy, and ion-scattering spectroscopy is an empirical
verification of the ATA-LEED procedure.

In the present work on VCO so(111)-(1X 1), each layer
contains a priori one single species, vanadium or carbon.
We consider the vanadium layers to be fully occupied and
the carbon layers to have a vacancy density that varies
with depth inside the surface. We model the electron
scattering in the carbon layers by applying the ATA for-
mula above with A replaced by carbon and B by a zero
scatter. The effective scattering amplitudes of a mixture
of carbon and vacancies are then approximated by the
carbon atomic fraction xc"' times the carbon scattering
amplitude t& &. Previously, vacancies were studied by the
application of ATA-LEED on Pto 5Nio ~(110} (Ref. 34),
on Ru(100) with adsorbed hydrogen, and on
VNo, 9(100}(Ref. 23).

Exploratory LEED calculations on VCo 80(111)-(1X 1)
indicate that the crystal terminates with a vanadium lay-
er, and that layers with a random mixture of vanadium
and carbon do not occur. Carbon thus occupies the 1ay-
ers 2,4,6, . . . . We introduce the carbon atomic fractions
cz =xc ' and c4 =x &

' as variable parameters and fix the
carbon atomic fraction of deeper layers at the bulk value
0.80, assuming that the LEED backscattering from layers
below the fourth is too weak to resolve vacancy densities
in individual layers. Estimating the error bars of c2 and

c4 is a principal problem in this investigation.

C. LEED program

The LEED program of Moritz"' is utilized for calculat-
ing the I-V spectra. It is a Korringa-Kohn-Rostoker
(KKR) program equipped with different options for cal-
culating the electron scattering by a stack of layers. One
option uses matrix inversion for the intralayer scattering
together with the plane-wave layer-doubling method for
the interlayer scattering, and another option applies the
partial-wave combined-space method. When the first op-
tion is used with a small interlayer spacing and heavy
atoms in the layers, spurious effects can occur due to non-
converging plane waves. The interlayer spacing is about
1.2 A in VCo so(111)-(1X1).Although vanadium and
carbon are relatively weak scatterers, we carefully check
that the layer-doubling method converges by applying
both options of the program.

The above LEED program is included in an automatic
fit procedure designed to determine structural parame-
ters from a given set of experimental spectra I'"(V;),
where g labels beams and i marks the points of the energy

grid. The procedure is a combination of a steepest-
descent method and an expansion method, in which the
theoretical spectra Is"(V;) are considered as analytical
functions of the surface parameters. The misfit between
the theoretical and the experimental spectra is measured
by an R factor called R oz (DE for discrete energies): the
sums over i of Is"( V; ) and Iz "( V; ) are normalized to unity
for each beam g, and R zz sums up the absolute
differences Is"( V;)-Iz"( V;) over i and g in such a fashion
that each g contribution is weighted by its particular
number of energy points. The steepest-descent method
gives rapid advance far from the optimum and the expan-
sion method gives numerical stability near the optimum.
The fit procedure is capable of determining the optimum
in a multidimensional parameter space, where computing
time would prohibit a search over grids. The optirniza-
tion is stable with large energy steps, up to about 15 eV.
In the next section we apply the fit procedure to seven pa-
rameters using 10-eV energy steps and the grid search to
six parameters using 4-eV energy steps.

IV. STRUCTURAL ANALYSIS

A. Fit procedure

The fit procedure is applied to a parameter space
comprising four interlayer spacings d„d2, d3, and d4
from the surface and inwards, the carbon concentrations
of layers two and four, cz and c4, and the shift of the re-
fractive inner potential AV~. In addition, some other
nonstructural parameters are varied during an early stage
of the investigation, like the atomic Debye temperatures
and the constants of the analytica1 expression for the re-
fractive inner potential. But their values are fixed, as de-
scribed in Sec. III A.

The fit procedure gives its lowest RzF value with a sur-
face model composed of layers stacked in the fcc fashion
and terminated with a vanadium layer at vacuum. The
optimum geometry and composition are given in Table I.
The fit procedure referred to applies to spectra recorded
at one single incidence. For seven spectra recorded at
normal incidence, we obtain Rz&=0. 178, and for nine

spectra recorded at 45' incidence Rzz =0.273. The latter
fit gives parameters whose values agree closely with the
former, more sensitive fit. The result is illustrated in Fig.
2 by a side view cut perpendicularly through the surface.

The validity of the above results is controlled by partic-
ular runs of the fit procedure, as described below.

Geometry and composition are varied separately and to-
gether over wide parameter intervals. In this manner we
check that the obtained surface structure is a true op-
timum and not a subsidiary one.

The top layer consists of pure vanadium. This is the
unambiguous result of fits starting from a composition in-
itially set to a mixture of vanadium and carbon.

The surface layers have fcc stacking. To see this, we
consider stacking faults in two layers inside the surface.
In addition to the fcc stacking BCABC. . . , where the
left-hand BC represents two surface layers and the subse-

quent ABC. . . the bulk, three other stackings are
possible, namely A CABC . . ~, AB ABC . ~ . , and
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TABLE I. Surface parameters of VCp Sp(111)-(1X 1) from fit procedure: four interlayer spacings d&, d&, d3, and d4 from vacuum

and inwards, and carbon concentrations c& and c4 in layers two and four: 6V& is the shift of the inner potential. R DE is the discrete-

energy R factor. The last line gives the result when three spacings instead of four are considered, to be compared with the result of
the grid search (see the lines "D&" and "Average" of Table II).

Incidence

00

45

RDE

0.178
0.273

d)
(A)

1.075
1.080

d2
(A)

1.213
1.209

d3
(A)

1.221
1.206

d4
(A)

1.217
1.233

C2

(at. %)

100
100

C4

(at. %)

100
100

EVg
(eV)

—2.28
—2.32

Average

Average

1.08

1.08

1.21

1.21

1.21

1.24

1.22 —2.3

—1.7

~
~ ~ ~

~ ~ ~
~ ~ ~ ~

di =1.08k

d2 =1.21k

d3 =1.21k

d4 =1.22k

dbII~k =1.1973,

VC

VCp 8

C

P.S C

FIG. 2. Side view of the VCp sp(111)-(1X1) surface, Project-
ed on a plane through the surface normal and the [112]direc-

tion.

CBABC. . . . It turns out that the fcc stacking gives
RDE=0. 178 at normal incidence, whereas the stacking
faults give RDE=0.70, 0.65, and 0.75, respectively. The
possibility of stacking faults is therefore ruled out.

The spacings between (ill) layers are 1.197 A and
VCo So and 1.207 A in stoichiometric VC. The fact that
we obtain 12, d3, and d4 values close to 1.21 A could in-

dicate that the sample is stoichiometric from layer two
and onwards in the surface region probed by LEED. We
investigate this situation by applying the fit procedure to
one surface model, where the surface net and the inter-
layer spacings d„(n ~ 5) correspond to the lattice con-
stant of VC& o and to another surface model, where the
surface net corresponds to the lattice constant of VCo So

and the interlayer spacings d„(n & 5) correspond to the
lattice constant of VCo,o. These models give
R DE =0.196 and 0.191, respectively, at normal incidence
instead of the best RDE value 0.178 mentioned above.
We therefore conclude that the surface layers of
VCo so(111)-(1X1) are in registry with the bulk of
VCo. so.

The fit procedure is in fact sensitive to the carbon con-
centration. Tests made with alternatively 100 and 80
at. % in all carbon layers give RDa =0.205 and 0.240, re-
spectively, at normal incidence.

The fit procedure favors a refractive inner potential
that is energy dependent. Va defined by expression (1)
and Vz assumed constant give R DE =0.178 and 0.205, re-
spectively, at normal incidence. The improvement of the

fit due to an excited-state electron-scattering potential is
thus significant.

S. Grid search

A grid search of structural parameters for finding an
optimum surface model has two straight advantages.
Spectra recorded at different incidence angles can be uti-
lized simultaneously for optimizing parameters, and
several metric distances (or R factors) can be applied so
as to produce estimates of the error bars of the parame-
ters.

We carry out a grid search in the six-dimensional space
spanned by d„d2, d3, c2, c4, and EVs, considering 16
I-V spectra recorded at normal and 45' incidence. To
save computing time, we put d4 equal to the interlayer
spacing in the bulk, knowing that the fit procedure shows
a weak correlation between d4 and the other parameters.
Suitable grids are extended over intervals containing the
optimum values found by the fit, and the calculated and
measured I-V spectra are compared by means of five
metric distances: the strong metric distance D„ the
weak integrated metric distances D2 and D2y and the
Hausdorff metric distances D4 and D4y. These metric
distances are, in fact, all of the "discrete-energy" type
and can be used with energy grids of any step length. In
particular, RDz=2D&. The metric distances are de-
scribed in detail in Ref. 43. The surface parameters
versus metric distance obtained by the grid search are
listed in Table II. The averaged result is virtually the
same as with the fit procedure, and one finds that the
value 2D, =0.24 from Table II is roughly equal to the
average of RDE in Table I. The agreement between
theory and experiment can be inspected on the I-V curves
shown in Fig. 3.

When discussing the accuracy of the result, we follow a
procedure utilized in two earlier LEED works. ' In
general, the standard deviation obtained from the averag-
ing of a particular structural parameter over a set of
metric distances can be used for estimating the uncertain-
ty of the parameter value. However, under special cir-
cumstances, the standard deviation comes out zero. Such
a case is presented by the carbon concentrations c2 and
c4, which take optimum values equal or very close to the
physical cuto8' 100 at. %. In all those cases in Table II
where c2 or c4 attain the cutoff value, the gradient of the
metric distance with respect to concentration turns out to
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FIG. 3. The optimum surface model of VCO 80(111)-(1X 1) is illustrated by theoretical (solid line) and experimental (dashed line)

I-V spectra. Values to the right of the curves: integrated experimental intensity divided by integrated theoretical density (the same

units in all panels). (a) is incidence 0', and (b) incidence 45' from the surface normal.

be negative finite. Of course, several optirnizations giving
exactly the same value produce no standard deviation.

Uncertainties can also be estimated from the concept
of tolerance. We assume that a metric distance D can be
determined with a tolerance D;„—1.01D;„; in other
words, with a tolerance of 1%. Considering that the
metric distance D has approximately a parabolic depen-
dence on the parameters in the vicinity of D;„,we calcu-
late the variation hp of each parameter p with all com-
panion parameters kept constant, when D varies from

D;„ to 1.01D;„. The parameter tolerances Ap obtained
in this manner are given in Table II.

Standard deviations and tolerances can be combined by
a maximum principle in such a fashion that they deter-
mine appropriate uncertainties for the whole set of pa-
rameters. The tolerance of D is adjusted to such a value
that every parameter gets a tolerance hp that is greater

than or equal to its standard deviation. This Ap will be
referred to as the uncertainty of the parameter. The
maximum principle is fulfilled by the parameters d &, d2,
d3, and 6V&, provided the metric tolerance is adjusted to
1.4%. This metric tolerance is then used for assigning
uncertainties to the carbon concentrations c2 and c4 isee
Table II and Fig. 4}. It turns out that the tolerance 1.4%
follows from the standard deviation of the shift 4V„,
which thus determines the uncertainties of all the pararn-
eters in the case under consideration.

The uncertainties in the interlayer spacings and the
carbon concentrations increase with increasing depth in
the crystal due to the finite penetration of the LEED elec-
trons. The vacancy density of the first carbon layer is
found to be 0+4 at. %%uoan d tha t of th esecon dcarbo n layer
2+&7 at. %. These densities are significantly different
from the vacancy density in the bulk, 20 at. %%uo, an dwe
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TABLE II. Surface parameters of VCp 8p(111)-(1X 1) obtained from grid search with two incidences

0 and 45': three interlayer spacings d&, d2, and d3 from vacuum and inwards, and carbon concentra-

tions c2 and c4 in layers two and four; 5 V& is the shift of the inner potential. Metric distances between

spectra: strong integrated distance D&, weak integrated distances D2 and D», and Hausdorff'distances

D4 and D4 .

Metric
(%) (A)

d2'
(A)

db
(A)

C2

(at. %)
C4

(at. %)
hV
(eV)

D& =12.11
D, =3.32

D» 2 34
D4 =6.57

D4y 4 09

1.074
1.077
1.078
1.077
1.077

1.213
1.199
1.199
1.201
1.200

1.240
1.230
1.228
1.244
1.237

100
100
100
100
100

92
100
100
100
100

—1.9
—3.1
—3.1
—4.4
—4.0

Average
Standard

deviation
Tolerance'
Uncertainty

1.076

0.001
0.006
0.01

1.202

0.006
0.007
0.01

1.236

0.006
0.016
0.02

0
+0/ —3
+0/ —4

98

3
+2/ —13
+2/ —17

—3.3

1.0
0.7
1.0

'Grid d, takes values from 1.037 to 1.137 A in steps of 0.02 A.
Grids dz and d3 take values from 1.177 to 1.257 A in steps of 0.02 A.

'Grids c2 and c4 =80, 90, and 100 at. %.
dGrid 5V& takes values from —4 to 2 eV in steps of 1 eV.
'Corresponds to a tolerance D;„-1.01D;„in the metric distances D.

conclude that the LEED optimization is able to deter-
mine surface parameters through a depth of four layers.

The determination of the refractive inner potential Vz
deserves a comment. The fit procedure gives, at primary
energies equal to 60, 150, and 300 eV, the values

Vz = —16.3, —12.8, and —10.8 eV, respectively, relative
to a zero level in vacuum. The grid search gives, corre-

4.0
(a)

h

spondingly, the values Vz = —17.3, —13.8, and —11.8
eV, with an uncertainty of +1 eV. At 60 eV primary en-
ergy, our Vz value corresponds approximately to the
ground-state potential, but is found to be 1.3-2.3 eV
lower than the band-structure value V& = —15 eV, calcu-
lated for VC, o (Ref. 44). We have found no other experi-

(b)
~ C 2
h C

g 3.6
A

3.6
Cl

bulk

3.2 I ~ ~

1.0 1.1 1.2 1.3
interlayer spacing (L)

3.2
80 90

concentration (at. % C)

100

4.0
( )

3.6
A 'I

3.2
-4

I

-2 0 2
b, VR (eV)

FIG. 4. The metric distance D2 illustrated as a function of (a) the interlayer spacings d&, d2, and d3, (b) the carbon concentrations
c2 and c4 in the second and the fourth layers, and (c) the shift of refractive inner potential 5Vz. The arrows indicate the parameter
values obtained by the fit procedure.
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mental verification of the inner potential in vanadium
carbide.

V. RESULTS AND DISCUSSION

The surface structures obtained by the fit procedure
listed in Table I and by the grid search listed in Table II
agree within the estimated uncertainties of the parame-
ters. In principle, the grid search should be more reli-
able, because it utilizes simultaneously the spectra
recorded at normal and at oblique incidence, and it is
based on as many as five misfit measures for comparing
theoretical and experimental I-V spectra. On the other
hand, the fit procedure optimizes one parameter more,
d4, which we argue is resolvable from the given experi-
mental data. When d4 is optimized, the optimum for d3
changes slightly from 1.233 and 1.22& A, while the other
distances remain virtually unchanged (the last two lines
of Table I). In conclusion, owing to the remarkably good
agreement between the two approaches when three spac-
ings are considered, we take the outcome of the fit pro-
cedure with four spacings as the final result of this study.

LEED determines the structure of a four-layer slab of
VCO so(ill)-(1X1). The geometry and composition is
d

&

= 1.08+0.01 A& d2 = 1 ~ 21+0.01 A d3 = 1.21+0.02 A,
cz=100.+4 at. %, and c4=98+,7 at. %. The fitted value
for d4 is 1.22 A, and the interlayer spacing in the bulk is
1.20 A.

There is an excellent coherence among the surface pa-
rameters obtained by the fit procedure (separately at nor-
mal and oblique incidence) and by the grid search. The
reliability of the LEED optimization is assesed by a low
value of RnE for the fit procedure (at normal incidence)
and by low values of five metric distances for the grid
search. The agreement between the theoretical and the
experimental spectra is similar to what is obtainable on
surfaces of clean metals or some bimetallic alloys.
The thickness of the surface slab probed by LEED with a
significant layer-by-layer sensitivity is, in this case, about
5 A. Concerning deeper layers with d„(n &5) and
c„(n ~ 6), LEED shows a sensitivity to average values of
the parameters, as discussed in Sec. IV A.

The spacing between the layers of vanadium carbon at
the top of VCO so(111)-(1X 1) is strongly contracted, by
10% with respect to the bulk spacing. Although
VCoso(111)-(1X1) is composed of hexagonal layers of
vanadium and carbon stacked in the fcc fashion, it re-
laxes differently from fcc-type clean metals and random
alloys, whose (111) surfaces are almost bulk terminated.
We believe that the strong contraction is related to the
stabilization of the polar surface by a compensating sur-
face charge, ' possibly achieved by a change of the charge
transfer between vanadium and carbon in the bilayer next
to the surface.

It is interesting to note that the interlayer spacings do
not converge towards the bulk value within the four-layer
slab, where LEED has a significant sensitivity to the sur-
face parameters. The calculated composition profile cor-
responds to a stoichiometric surface compound VC& p.
The two outermost carbon layers are enriched with car-
bon to such a degree that they contain no or almost no
vacancies. The result that the interlayer spacings d2, d3,

and d4 are slightly larger than the spacing between the
(111) layers of the bulk of VCO so is consistent with a pic-
ture where lateral strains are caused by the enrichment of
carbon in the surface layers. The top layers remain in re-
gistry with the bulk, and a vertical expansion compen-
sates for the strains within the layers.

Since four surface layers of VCO so(111)-(1X1) are vir-
tually stoichiometric, one would expect that valence-band
photoemission spectra recorded from this surface could
be explained by direct transitions between bulk bands cal-
culated for VC& p. This is not the case, however, ' and
the reason may well be the strong contraction of the first
vanadium-carbon interlayer spacing and an associated
rearrangement of charges. The fact that no vacancy-
related features were identified in previous photoemission
spectra from VCoso(111)-(1X1) is coherent with the
LEED result that carbon-site vacancies begin to occur
rather deep in the crystal, somewhere in layers 6, 8, . . . .
Valence-band photoemission spectra recorded from the
1 X 8 reconstructed surface of VCQ s9(111) showed spec-
tral features that did not exist with the 1X1 surface; a
LEED study of the reconstructed surface will be reported
elsewhere.

A vacancy density gradient at the surface of a
transition-metal carbide or nitride of sodium-chloride
type has now been established by LEED in two cases,
namely with VNO s9(100) (Ref. 23) and with
VCO so(111)-(I X 1). In the case of vanadium nitride, the
surface layers are practically stoichiometric, containing
half vanadium and half nitrogen with a density of
nitrogen-site vacancies close to 0 at. %. The depth of the
surface region where LEED indicates stoichiometry is
not determined in Ref. 23, but we believe that it is of the
order of 5 A, as in the present investigation.

Transition-metal carbides can react differently on heat
treatment. In the case of VCO so(111), annealing temper-
ature as low as 900 K produces a stoichiometric surface,
and annealing above 100 K induces surface reconstruc-
tion. With the (100) surface of titanium carbide, argon-
ion bombardment and annealing at 1100 K give rise to a
nonstoichiometric top layer containing 10+2 at. % va-

cancies, while heat treatment above 1300 K makes car-
bon segregate and fill up the vacancies. '

VI. CONCLUSION

We conclude that LEED is able to determine relaxa-
tion and composition in a four-layer slab inside the sur-
face of VCoso(ill)-(1X1). The top layer is vanadium,
and the carbon-site vacancy density has a gradient at the
surface, so that the external four layers compose, to a
good approximation, a stoichiometric slab. The inter-
layer spacing in the vanadium-carbon double layer next
to the surface is contracted 10% with respect to the (111)
spacing in the bulk. This is a much stronger relaxation
than what is usually found with (111)surfaces of fcc met-
als. VCO &o(111)-(1X1) has a polar surface, and the
strong contraction is possibly interconnected with a com-
pensating surface charge making the surface metastable.
The stable surface, reconstructed with threefold 1X8
domains, will be pictured by scanning tunneling micros-
copy in a forthcoming paper.
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