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Local environment of nitrogen in a surface nitride:
A low-energy electron diffraction study of Cr(100)-(1 X 1)N
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We present a quantitative low-energy electron diffraction study of the surface nitride produced by
nitrogen segregation to the surface of the (100) face of chromium. Emphasis is put on the local envi-
ronment of N atoms, in reference to surfaces of bulk nitrides, this study being one step in a longer-
term investigation of the role of vacancies at substoichiometric nitride and/or carbide surfaces.
The nitrogen atoms are found to occupy symmetric fourfold hollow sites. The nitrogen atoms are
0.221+0.016 A above the chromium 6rst layer and have four metal neighbors in the top layer with
a 2.045 0.002 A bond length and a fifth metal neighbor in the second layer at a very similar dis-

0
tance, 2.015%0.018 A. This environment is made possible by having a very large expansion (24.8%)
of the topmost interlayer spacing of chromium and shows great similarities with the surface struc-
tures of: (i) surface nitrides like Ni(100)-P4g-{2X2)-N (which reconstructs with a large lateral dis-
placement of the surface metal atoms), Fe(100)-c(2X2)-N (which does not reconstruct because the
metal substrate is bcc like chromium, leaving room for the N atoms to set up the maximum coordi-
nation), and (ii) the surface of a bulk nitride VNO 89(100) (as obtained from preliminary results).

I. INTRODUCTION

The electronic and crystallographic properties of
chemisorbed small atoms such as nitrogen, oxygen, car-
bon, sulfur, etc., on the low-index faces of transition met-
als have been the subject of extensive experimental and
theoretical investigations. ' These studies have attempt-
ed to characterize the chemisorption site, the presence or
not of reconstruction of the surface, the inhuence of the
adsorbate on the relaxation of the topmost layers of the
substrate, and finally the local environment of the ad-
sorbed atom to reach a general view and comprehension
of these surface structures. Due to the small size of these
adsorbates, many positions become possible: in particu-
lar, the occurrence of low-symmetry sites, where X is
bound to two or three metallic atoms cannot a priori be
excluded and need to be explored in any thorough
analysis. However, adsorption at the high-symmetry
fourfold site is the most common.

Nitrides and carbides are also a subject of great in-
terest. In particular, the bulk properties of high
mechanical hardness and chemical stability are at the ori-
gin of many applications. The surface properties of these
compounds have only begun to be studied, ' particularly
in view of the relatively large amount of vacancies in sub-
stoichiometric compounds.

Very often, nitrogen (or carbon) adsorbed on a metal
comes to form a "surface nitride (or carbide)" and it is a
matter of interest to make the link between these com-
pounds with the surface of "bulk nitrides. " In this con-
text we present a low-energy electron diFraction (LEED)
study of Cr(100)-(1 X 1)-N.

The paper is arranged as follows: Sec. II describes the
experimental procedure, Sec. III is concerned with the
LEED analysis itself, and Sec. IV presents a discussion of

results. A comparison with similar surface compounds
and with preliminary results obtained on the surface
structure of VNo s9(100) is given.

II. EXPERIMENT

The experiments were performed in a standard UHV
system, equipped with a hemispherical display-type
LEED diffractometer' having complete freedom for the
incident and diffracted beam directions and with a high
angular precision ((0.1') and a high sensitivity. The op-
tics, acting as a retarding field analyzer, are used for
Auger electron spectroscopy (AES). Beam intensities are
Ineasured by means of a spot photometer, fixed on a two
circle goniometer mounted above the hemispherical
screen. Cancellation of magnetic fields is achieved by
means of three big Helmholtz coils.

The chromium sample (bcc structure with a lattice pa-
rameter a=2.875 A) was spark cut from a rod and
oriented using x rays. Mechanical and electrochemical
polishing produced a surface within 20' of the true crys-
tallographic (100) plane. This surface was then cleaned in
situ by numerous cycles of argon bombardment (60 min,
10 mA, 500 eV) followed by annealing (30 min, 750'C).
As the main impurities (sulfur and oxygen) disappeared,
nitrogen segregated to form a (1X 1) overlayer, with a
P4m symmetry in the LEED pattern. AES revealed that
a real nitride forms at the surface, and nitrogen segregat-
ed from the bulk was found to form a very stable and
very reproducible structure.

LEED I ( V) curves were recorded at normal incidence
and at two oblique incidence conditions (8,$)=(10',0 )
and (34', 45 ). For /=45', the incidence plane is parallel
to the [011] direction. Although very good agreement
was obtained for symmetrically equivalent beams, they
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were averaged to produce optimized spectra. The final
data set considered in the analysis contained 23 non-
equivalent beams for a total energy range of about 3000
eV. The spectra recorded on a 1-eV grid were normal-
ized to constant incident current, after background sub-
traction.

III. LKED ANALYSIS

A. Calculational aspects

1. LEED program

LEED intensity calculations were performed using a
layer-by-layer program fitted with a layer doubling rou-
tine" for bulk planes. This code can handle several
atoms in the unit mesh, allowing treatment of complex
surface layers as well as small interlayer distances. The
top layer containing Cr and N atoms was treated as a
"thick mixed" layer using a spherical wave representa-
tion and a matrix inversion to deal with multiple scatter-
ing.

2. Optical potential

The energy-dependent inner potential Vz(E) is calcu-
lated using a formalism proposed by Hedin and
Lundqvist. ' This model was checked experimentally in
LEED for Cu(100), using threshold effects, ' and for
Ni(110) (Ref. 14) from LEED I( V) analysis: the shape of
this potential variation proved to be very similar in both
metals, the only difference being essentially a small rigid
shift AVz. Consequently in the final step of the analysis
(calculation of the metric distance) Vz(E) is allowed to
be shifted rigidly by a small amount 6Vz to account for a
slight difference between Cu, Ni, and Cr.

The absorptive potential, energy dependent as well, is
given the value used in previous papers. ' ' The Debye
temperatures were fixed at 600 and 485 K for N and Cr,
respectively. All these parameters were given the same
value for bulk and surface layers.

span a wide range depending on the material, it was thus
allowed to vary from 0.5 to 0.85 A in the calculations. A
consequence of this small size is that adsorption in the
second and following layers cannot be excluded a priori:
for instance, N adsorbs in underlayer sites at Ti(0001).

,
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5. Models under investigation

In this work many adsorption sites were thus tested, in-
cluding fourfold top and hollow sites (over and under-
layer), twofold bridge sites (over and underlayer). More-
over, N might adsorb above the substrate in lowoo

symmetry sites of coordination 3, in contact with two
surface Cr atoms and one second layer Cr atom, i.e., at
intermediate positions between bridge and fourfold holoo

low sites, with a mirror symmetry (sites labeled MO in
Fig. 1). In order to retain the fourfold symmetry of the
LEED pattern, domain averaging was performed where
necessary. While -in the hcp structure of bulk Ti small
atoms have room to adsorb anywhere, the interstitial sites
in bulk bcc materials are very small so that nitrogen ad-
sorption is not possible without very large expansions of
interlayer distances. For example, bridge underlayer sites
require spacings to be enlarged by about 40%, which
seems unlikely in view of the energy necessary to move a
layer by such large amounts. Nevertheless, owing to the
strength of the nitride bond and to the possibility of un-
derlayers, we considered, in addition to the adsorbate looo

3. Optimizing the structure

The intensities resulting from LEED calculations were
compared to experimental data via five metric distances
previously described in detail, ' namely D1, D2 D2y D4,
and D4 . These distances are numerical criteria used to
measure the quality of the agreement between experimen-
tal and theoretical spectra similar to the reliability factor
well known in x-ray analyses: the lowest the metric, the
better the model. They proved very efFicient in a number
of studies of clean and covered metal and alloy sur-
faces 3, 13, 15, 17—21

2.875A

1.245A

4. Mu+n tin radius-
The phase shifts result from the superposition of atom-

ic densities for N and Cr species, including four shells of
neighbors; the phase shifts of surface metallic atoms were
calculated according to their actual neighborhood. Con-
vergence was ensured by using up to nine phase shifts at
the highest energy. The radius of N atoms is known to

Top view

FIG. 1. Cr(100)-(1 X 1)N: bulk Cr structure and adsorption
sites investigated in the present study: bridge overlayer (BO)
and underlayer (BU), fourfold on top (TO), fourfold hollow
overlayer (HO) and underlayer (HU), and mirror (MO) sites (see
text).
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cation, very large relaxations of the interlayer distance
d, ~ (50% contraction up to 45% expansion) simultane-
ously with large variations of the adsorbate-substrate dis-
tance, dN&.

B. Analysis

All the calculations were done on a 4-eV energy grid,
which has been proven to be the optimum compromise
between a very good stability of the metric distances
against the energy step and the computing cost. The
analysis was performed in two successive steps. First, the
analysis was restricted to the normal incidence data set
corresponding to the most symmetrical condition and
hence to the smallest computing time. This eliminates a
lot of adsorption sites and, for the very few probable
ones, to locate a unique minimum close to the best values
for each parameter on a coarse scale. Then we refine the
parameters around the unique minimum by analyzing the
full data base at the same time.

1. Normal incidence data

metric distances, typical of improbable sites: DI 30%
to be compared with the final value DI —11% for the op-
timum modeliat normal incidence. It is of some impor-
tance to consider MO positions since for small adsorbates
there has been a controversy about the possibility of ad-
sorption in low-symmetry sites. For this site, the agree-
ment improves continuously when going from the BO to
the HO position.

Figures 2 and 3 compare theoretical spectra, calculated
for various adsorption sites and various spacing values

d, z, respectively, with the corresponding experimental
data at normal incidence. The best solution corresponds
to N adsorbed in the hollow site (HO), slightly above the
substrate, and a large expansion of the interlayer spacing
d 12.

A contour plot of the metric distance D, is illustrated
in Fig. 4 for the fourfold hollow site (HO). The map is re-
stricted to expanded interlayer spacings d &z for a wide
range of adsorbate-substrate distances dN&. Models with
shortened spacings yield a bad agreement and correspond
to a strong (unphysical) overlap of metallic and nitrogen

By these preliminary calculations we could discard
unambiguously (Fig. 1) bridge (BO), on top (TO), under-
layer hollow (HU), bridge underlayer (BU), and less usual
sites (MO); indeed, all these models yield very large
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FIG. 2. Normal incidence I( V) spectra for the best relaxa-
tions with nitrogen adsorbed in different sites. Calculation corn-
pared to experiment (bottom curve). See legend of Fig. 1 for the
definition. The best agreement is obtained for the fourfold hol-
low site (HO).

FIG. 3. Normal incidence I ( V) spectra for nitrogen adsorbed
in the fourfold hollow site (HO) at three interlayer relaxation
values for d&z corresponding to 5% (HO1), 25% (HO2), and
45%%uo (HO3) relaxation, respectively, in comparison to experi-
ment (bottom curve). These models are shown for the best dis-
tance dNl.
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ing the structural parameters found from the normal in-
cidence data set, we computed a new muffin-tin potential
from the superposition of atoms placed at the correct dis-
tances and derived from them new phase shifts for the ni-
trogen and chromium atoms located in the top mixed lay-
er. For nitrogen, the muffin-tin radius is then optimized
simultaneously with the structural parameters.

C. Results

20

25

30

35

FIG. 4. Two-dimensional contour map of metric distance D&

with N in the fourfold hollow site {HO), for normal incidence
data analysis only. The contour levels are arranged according
to the following law: [d;„+(d,„—d;„)2"/100], where d;„
and d,„represent, respectively, the minimum and maximum of
the metric distance in the whole range of parameters. Note that
only one sharp minimum appears.

atoms. For positive relaxations, the map shows a clear
and unique minimum centered at about 25% relaxation
(which is not common for bcc metals) and a vertical

0
nitrogen-chromium distance dN& of about 0.2 A.

2. Comp/ete data base

In the second step, calculations included the three in-
cidence conditions (9,$)=(0,0'), (10',0'), and (34,45'),
and were limited to the fourfold overlayer hollow site in
order to refine the parameters dN& d, 2 and d23 ~ Finally,
owing to possible charge transfer between nitrogen and
the metal, predicting the actual size of the adsorbate is
not straightforward. Hence, in addition to the above-
mentioned parameters, the nitrogen muffin-tin radius was
optimized simultaneously. This was done as follows: us-

1. Leuel of agreement

The final agreement for the best structure is remark-
able as evidenced by the very low value of the metric dis-
tances obtained for the whole set of data as well as the
very small dispersion of the optimum values for the pa-
rameters given by the various metrics (see Table I). This
is also confirmed by the visual inspection of spectra (Fig.
5): all features of experimental spectra are present in the
theory and correctly described but for some limited struc-
tures, in the (30) beam at 0=0' for instance.

Table II provides more detailed information: for each
data set, independently, we have listed the best parame-
ters obtained as the average answer from the five metric
distances together with the standard deviation. We em-
phasize that one should not regard this latter value as the
ultimate uncertainty of LEED analysis but rather as an
indication of the level of consistency in comparing this
particular set of data with the LEED best model; each in-
dividual data set is too small for a true refinement of the
parameters (this must be done on the whole set of data).
But there should not be, on the other hand, marked
diff'erences in the answers from each data set; if this were
the case, we should come back to the experiment, look
for errors in the program, or conclude that an important
parameter is still lacking in the models being tested.

An important point concerns the relative intensities
among beams. Generally, including the present work,
each I( V) spectrum is normalized independently so that
the information on relative intensities is discarded. It
can, however, be restored by calculating the ratio of the
integrated experimental to theoretical intensities,
Rg = gz I,„~,(E)/gz I,h„,(E) for the g beam. Being
light measurements, the experimental intensities are not
normalized on an absolute scale, thus only the dispersion
of the ratio R can be discussed. In the present study,

TABLE I. Optimum parameters and standard deviation for nitrogen atoms adsorbed in the fourfold
hollow site (total data set). The bottom line gives the changes in the parameters corresponding to 1%
increase of the metric distance from the minimum (see text).

Metric min.
(%)

dN1

(A) (A)
d23
(A) (eV)

Dl
D2
Dpy

D4
D4y
Std. deviation

~param

11.65
4.13
2.46
7.58
4.39

0.217
0.224
0.219
0.23O

0.217
0.016
0.22)
0.011

1.79(
1.794
1.797
1.796
1.793
0.003
1.794
0.008

1.39&

1.40~
1.403
1.41l
1.4o,
0.007
1.402
0.011

—1.6
0.3

—1.2
—1.2
—1.4

0.8
—1.0

0.7
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FIG. 5. Cr(100)-(1 X 1)N: I ( V) spectra for the best model. The numbers in the left corner denote the ratio Rg of the integrated ex-
perimental to theoretical intensities {see text): {a) normal incidence, {b) {9,$)={10',0'), and {c){0,$)={34',45').

the average value of R over the various I( V) curves is
40+10 (see Fig. 5), the worst deviations being 17 and 60.
Most of the Rg are within a factor less than 2. The in-
teresting fact is that this dispersion reduces when the
structural model approaches the optimum, giving an extra
argument in favor of the proposed model. This is similar
to the I(g) method introduced by Clarke to extract the
structure from LEED intensities. This method, which re-

lies on the relative intensities only, proved successful and
faster than the standard I ( V) analysis for Ni(110).

2. Accuracy of the parameters

In order to develop an intuition for errors in the pa-
rameters, we can look at two complementary pieces of in-
formation.

TABLE II. Best structural parameters, averaged over the five metric distances, for the different
beam sets.

(o',0')

(10,0 )

(34,45 )

&)D;
Std. deviation

Std. deviation
&)D;
Std. deviation

(A)

0.23&

0.004
0.234
0.005
0.179
0.039

dJ2
(A)

1.804
0.014
1.798
0.001
1.778
0.002

d,23

(A)

1.423
0.004
1.392
0.004
1.405
0.007

0.5
o.6

—0.8
0.6

—1.6
0.3
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(i) The standard deviations from the answers of the five
metrics on the whole data set (Table I) probably underes-
timate the total error. However, they increase the cer-
tainty that the correct model has been identified.

(ii) We can "measure" the change in each parameter
near its optimum value when each metric distance is
changed from its best value. Since, close to the optimum
structure, the metric can be fitted by a hyperellipsoid
against each parameter, a scale of the uncertainty can be
given for each parameter by the deviation corresponding
to a 1% change in the metric distance above the absolute
minimum. This has been done for the whole data base
and is summarized at the bottom of Table I.

To discuss these numbers we have several more facts to
consider.

(i) 1% variation is arbitrary and serues only as a scaling
quantity. This helps to deduce the actual uncertainty
corresponding to any other (more realistic?) value for a
significant deviation from the minimum of the metric dis-
tance: for instance, 4% deviation from the minimum
metric distance, instead of 1%, would only yield a factor
of 2 on the range of uncertainty of the parameters dis-
cussed above. This is only valid for sma11 variations away
from the minimum.

(ii) Another way to estimate the uncertainty obtained
by LEED is to compare careful work published on the
same surface. This is available for very few systems, but
the case of Ni(1 10) is perhaps the most instructive. Three
groups' ' have looked at this surface, totally indepen-
dently, using different samples, different preparation
techniques, different LEED setup and acquisition means,
different LEED programs, and different criteria for the
quantitative comparison between experimental and
theoretical spectra. Their answers are the following:
dI2=(1 ~ 141 A, 1 ~ 137 A, 1.140 A), d23=(1.284 A,
1.283 A, 1.289 A), yielding the average answers and
dispersions d, z

= 1.139+0.002 A, d23 = 1.285+0.003 A.
From the above discussion it follows that the reprodu-

cibility from one work to another one is excellent. For
the present study, the agreement between experiment and
theory is better than for the Ni(1 10) case (the metric dis-
tance D, for instance is 11.6 instead of 12.9) which can be
considered as a good reference. A good estimate of the
final accuracy can be obtained in Table I from the max-
imum value between the standard deviation and the 1%
uncertainty as defined above.

3. Optimum structural model

The self-consistency of the results increases the
confidence in the model identified: Nitrogen is located in
the fourfold hollow site (HO) at a distance
dN, =0.221+0.016 A above the substrate, producing a
"mixed buckled layer. " The interlayer spacing oscillates
around the bulk value and is strongly damped on two lay-
ers: d, =1.794+0.008 A (-24.8% expansion with
respect to the bulk x-ray value, 1.4375 A) and
d23 =1.402%0.011 A ( —2.5% contraction).

The muffin-tin radius RMT(N) turns out to be weakly
dependent on the other variab1es, i.e., changing its value
does not inhuence measurably the optimum geometrical
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FICs. 6. Local environment of N atoms: (a) Cr(100)-(1X 1)-N
surface, ' (b) Ni(100}-P4g-N, top view: the unit mesh is a 2X2
superstructure made of squares (enlarged and rotated by the
presence of N atoms at their center) and of rhombs to accom-
modate the strain; the parameter 9 is a measure of the amount
of distortion; and (c) VNO 89(100) surface.

parameters, although it modifies slightly the structures of
the I(V) spectra. Optimizing RMT improves the total
metric distance by as much as 10% and helps in reducing
the already small dispersion in the response of the metric
distances. All metric distances show a clear minimum at
RMT(N) =0.85 A. In a hard sphere model, assuming a
chromium radius Rc, =1.245 A (bulk value), N ends with

0
a radius RN=0. 77—0.80 A, i.e., slightly less than the
value from LEED optimization, R MT

=0.85 A. Such
overlaps are common with adsorbates as pointed out in
different works on sulfur, iodine, and cesium ad-
sorbed at meta1 surfaces. In the present study, the radius
increase might be interpreted qualitatively as the result of
a charge transfer from the meta1 to nitrogen, as found for
bulk nitrides or carbides.
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IV. DISCUSSION

A. Local environment of surface nitrogen

The geometrical arrangement of the surface is illustrat-
ed in Fig. 6(a). Nitrogen atoms are bound to four surface
chromium atoms at a distance dNc&& =2.045+0.002 A
but also to a fifth Cr atom, located directly below the N
in the second layer at dNC, 2=2.015+0.018 A. Preferen-
tial bonding to metallic atoms in layer 2 was already no-
ticed in the case of sulfur adsorbed on Ni(110). In the
present case, N resides in a five-neighbor coordination
site, forcing the interlayer distance d, 2 to expand by as
much as 24.8+0.6%%uo. In that respect also, it is similar to
S/Ni(110) in the sense that S adsorption causes a relaxa-
tion reversal of the interlayer distance d, 2 in Ni(110)
which transforms from an 8.5% contraction at the clean
surface to a 10%%uo expansion upon sulfur chemisorption; at
the same time the distances dsNji and dsN;2 become equal
to 2.32 and 2.21 A, respectively.

B. Comparison with other systems

N gives rise to a c (2 X2) LEED pattern when adsorbed
on Fe(100) (—,

' monolayer coverage) instead of a (1 X 1)

pattern as for Cr(100) (1 monolayer coverage). As far as
iron is concerned, N atoms are also located in the hollow
sites, but the distance dN„,2 =1.83 A to the fifth metallic
atom is much shorter than for Cr, the interlayer spacing
d, 2 is expanded by 10% instead of 25% for Cr, while the

0

interatomic distance dN„, i =2.04 A is exactly that found
with chromium. Surface Fe atoms have fewer N neigh-
bors since the coverage is only 0.5, so that the bond
strength with the second layer atoms is increased result-
ing in a shortening of d, 2. In that case the nitrogen hard

0

sphere radius has now values from 0.6 to 0.8 A.
Although less direct, a comparison can be made with

N/Ni(100), which is a fcc metal. The accepted adsorp-
tion site, for half-monolayer coverage, as found by EX-
AFS, is the center of disorted and rotated squares at 0.1

A above the substrate, and N is bound to five Ni atoms.
The N-Ni distances are 1.89 and 1.87 A (vertical dis-
tance), i.e., noticeably shorter than for Cr [see Fig. 6(b)].
Unfortunately, the interlayer spacing d, 2 was assumed to
be the bulk value, so that the vertical distance is question-
able because an expansion of d, 2 is very likely in the light
of many studies of adsorbates including this one [for in-
stance S on Ni(110), N on Fe(100) (Ref. 28)]. Neverthe-
less, nitrogen atoms induce a strong lateral distortion to
reproduce a local environment equivalent to the one we
conclude to be the case of N/Cr(100).

The similarity is even more striking with the surface of
a bulk nitride, namely VNo s9(100). As shown in Fig.
6(c), preliminary calculations show that the first mixed
layer is buckled, with N atoms located at 0.23 A above

the vanadium sublayer (very close to 0.22 A for Cr). In
the meantime di2 contracts (

—
7%%uo) until N atoms have

in-plane vanadium neighbors at 2.15 A, which happens to
be 6.5%%uo longer (2.15 instead of 2.02 A) than for Cr.
This, very likely, follows from the presence of bulk nitro-
gen atoms which increase the number of bonds and con-
sequently lower the bond strengths between N surface
atoms and vanadium atoms in layer 2.

V. CONCLUSION

We have presented a quantitative LEED analysis of the
Cr(100)-(1X1)-N surface structure resulting from nitro-
gen chemisorption to form a surface nitride. Emphasis
has been put on the local environment of N atoms, and a
comparison has been made with other known surface
structures, either of surface nitrides or of the surface of
bulk nitrides.

The nitrogen atoms sit in the symmetric fourfold hol-
lows very slightly above the top Cr layer (dN, =0.22 A).
A very strong expansion (24.8%) of the metallic inter-
layer distance d, 2 occurs in such a way that the four Cr
neighbors in the top layer and the fifth Cr atom in the
second layer are at very similar distances (2.045 and
2.015 A, respectively).

We have compared our results with other similar sur-
faces, Fe(100)-c (2 X 2)-N, Ni(100)-p (2 X 2)-N, and
VNo s9(100). In all four instances, differing either by the
chemical species or by the coverage or finally by their
bulk structure (bcc, fcc, NaC1) the most favorable situa-
tion is as close as possible to a five-neighbor coordination
site, allowed at the price, in some circumstances, of dras-
tic vertical or in-plane relaxation of the underlying sub-
strate.

The list is certainly not exhaustive and similar local en-
vironment can be expected for carbon and other bulk
compounds. Photoemission and band-structure calcula-
tions should provide valuable information for the
knowledge of these structures. In particular it is interest-
ing to measure possible charge transfers which seem to be
the rule for bulk nitrides and carbides [0.3e for TiC, '

1.2e for VN, 2. le for TiCo94, and 1.9e for TiNo» (Ref.
7)] and may appear in the form of the large muffin-tin ra-
dius found by LEED for N/Cr and N/Fe. A quite natu-
ral extension of this study is to look at the inhuence of
the crystallographic orientation.
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