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Previous work on the interaction of N, with Fe(100) and (111) single-crystal planes was
extended to the most densely packed (110) face. The dissociative chemisorption proceeds even
slower than with the two other planes and is associated with an activation energy of about
7 keal/mole at low coverages. At 683 K the initial rates of adsorption have a ratio of about
60:3:1 for Fe(111): (100): (110). The activation energy for desorption is estimated to be about
56 keal/mole and is thus slightly smaller than on Fe (100) (58 keal/mole), but higher than on
Fe(111) (51 kcal/mole). The formation of two ordered surface structures (I and II) was ob-
served. Their unit cell vectors b, b, are related with the (unreconstructed) substrate lattice
vectors ay, az through: b, = 3ay, b, = 2a. (I) (which may also be designated as 2 X 3 structure),
and by = 4ay, bs = a1 + 3a. (II). Both phases appear with two equivalent domain orientations
with the mirror plane along the [001] direction. Structure I appears at lower surface concentra-
tions than structure IT; however their kinetics of formation is also influenced by the concentra-
tion of dissolved nitrogen. It is most probably that these large unit cells reflect the reconstruc-
tion of the topmost layer of Fe atoms [as in the case of the (111) plane]. For both surface
structures quasihexagonal arrangements of Fe atoms may be constructed the nearest-neighbor
distances for which agree to within 439, with those in the (111) plane of fce Fe,N. Thus the
eoncept of the formation of ‘“‘surface nitrides” is further supported. Dissolution of nitrogen

atoms in the bulk again interferes with the surface processes.

1. INTRODUCTION

A preceding paper (I) was concerned
with a detailed study of the interaction of
N, with clean Fe(100) and (111) single-
crystal surfaces using a whole variety of
experimental techniques such as low-energy
electron diffraction (LEED), Auger elec-
tron spectroscopy (AKS), ultraviolet photo-
electron spectroscopy (UPS), thermal de-
sorption spectroscopy (TDS), and work-
function measurements. One of the main
conclusions was that dissociative chemi-
sorption causes reconstruction of the (111)
plane whereas with Fe(100) a simple
¢2 X 2-overlayer structure was formed.

! Part I is Ref. (1).
2 Present address: Gas Kinetics Research Group,
Hungarian Academy of Sciences, Szeged, Hungary.

This work was extended to the (110) (most
densely packed) surface. It will be shown
that the results fit well into the general
scheme as developed for the other planes.
In particular, surface reconstruction is sug-
gested on the basis of LEED observations
which support the idea of the formation of
“surface nitrides” related to bulk Fe,N.

2. EXPERIMENTAL

The experimental equipment, sample
preparation and cleaning procedure, and
performance of the experiments were iden-
tical to those applied in the previous work
(1, 2). No UPS measurements were per-
formed since the primary features of the
present system are similar to those obtained
with the other two planes. Since the rate of
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Fic. 1. Nitrogen chemisorption on Fe(110) at different temperatures as followed by recording
the N:Fe Auger peak-height ratio y as a function of N exposure.

chemisorption was even smaller than with
Fe(100) and higher surface temperatures
had to be applied, keeping the surface free
from impurities became an even more
serious problem than in the preceding
study.

3. RESULTS
3.1. Auger Electron Spectroscopy

Auger electron spectroscopy was used to
follow the rate of nitrogen uptake. The
ratio y of the Auger signal height at 380
eV (N) to that at 650 eV (Fe) served as a
relative measure of the concentration in the
surface region. As with the other planes,
it was observed that dissolution of nitro-
gen atoms in the bulk and segregation from
the bulk to the surface interferes with the
process at the solid/gas interface. A similar
pretreatment was therefore applied in order
to obtain reproducible and comparable re-
sults: After prolonged interaction of the
sample with N, at elevated temperatures
adsorbed nitrogen was removed from the
surface by brief argon ion sputtering and
subsequent annealing at 650 K. The clean

surface was then exposed to 4 X 10~ Torr
of N, for increasing times at various tem-
peratures and the rate of chemisorption was
monitored by recording Auger spectra
after evacuation of the vacuum system.

It turned out that Fe(110) was the least
reactive plane among the three surfaces
studied and therefore even higher sample
temperatures were necessary than with
Fe(100). This fact increased the danger of
surface contamination by segregation of
bulk impurities. Since desorption starts
above 750 K it was not reasonable to work
beyond that temperature. Figure 1 shows
the variation of ¥ with exposure at different
temperatures, demonstrating that under
these conditions (<£107 L3) we were still
far from saturation of the surface. Ths
highest y value was about 0.6 and wae
reached after a 3 X 10-L. exposure
around 700 K. Above this temperature
bulk diffusion and the onset of desorption
became important factors so that after a
3 X 107-L exposure even smaller y values
were observed. An Auger ratio of y = 0.6

31 L = 1078 Torr X sec.
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Fia. 2. Variation of the relative nitrogen surface concentration y with N exposure on Fe(110),
(100), and (111) planes. [With Fe(111) no data for higher temperatures are available.]

is comparable in magnitude with the satu-
ration values obtained with the other
planes. From the temperature dependence
of the rate of adsorption an activation en-
ergy at low coverages of E*,q = 7 keal/
mole was derived. It is probable that this
number increases at higher coverages as
with the other planes, but in the present
case Insufficient experimental data were
available for an evaluation. However, it
seems that E*, remains essentially con-
stant up to y = 0.25 in contrast to the
behavior of the (100) and (111) surfaces
where the activation energy increases with
coverage even for rather low surface
concentrations.

A comparison of the rates of adsorption
on the three planes is made in Fig. 2.
Measurements with Fe(111) were only per-
formed up to 508 K. However, since in this
case the initial rate of adsorption is practi-
cally independent of temperature we con-
cluded that the initial slope of this curve
should be essentially the same even at a
higher temperature of about 690 K. The
initial rates of adsorption at this tempera-
ture have a ratio of about 60:3:1 for

(111): (100): (110). At lower temperatures,
this difference would of course become even
more pronounced.

Besides the high-energy Auger transi-
tions in the 650-e¢V region Fe also exhibits
a peak at 46 eV (M,,;VV) which [due to
the energy dependence of the escape depth
of slow electrons (3)] is more surface sen-
sitive. It was observed that the intensity
of this peak decreased by up to 309, with
increasing nitrogen coverage, whereas that
of the 650-eV transition remained essen-
tially unchanged. This observation is con-
sidered to support the surface reconstruc-
tion model as discussed later.

3.2 Thermal Desorption

The maximum of the N, thermal desorp-
tion spectra from the surface layer is about
60 K higher than with Fe(111) and about
20 K lower than with Fe(100). As a con-
sequence there is some interference with
contributions originating from the bulk as
in the case of the (100) plane, whereas with
Fe(111), due to the lower desorption tem-
perature of the surface species, these two
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Fia. 3. Series of N; desorption spectra (m/e = 30)
from a ®N-covered Fe(110) surface. (a) y = 0.48;
)y =035; (¢) y =0.21; (d) y = 0.13.

contributions are well separated within the
thermal desorption spectra.

In order to separate widely these effects
from each other the following procedure
was applied.

The surface was cleaned by Art ion
bombardment and annealing at 630 K and
subsequently was exposed to 8 X 10~
Torr of ¥N, at 670 K for various periods
of time. The resulting surface concentra-
tions were monitored by AES. Using this
treatment the exchange reaction between
bulk and surface could be largely sup-
pressed so that ®N, desorption spectra re-
flect primarily the decomposition of the
surface layer. A series of these spectra is
reproduced in Fig. 3. These traces are
characterized by a relatively narrow width
at higher surface concentrations (~70 K)
and exhibit peak maxima which occur at
essentially constant temperature. It was
further estimated that the contribution
from ‘“bulk’ nitrogen to the high-tempera-
ture parts of these curves is, at most, in
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the order of about 57 of the totally de-
sorbing amount.

Figure 4 is a plot of the relative amount
m of N, desorbing from the surface region
as derived from the areas below the ther-
mal desorption traces, m = f pdi, as a func-
tion of the Auger peak-height ratio y. The
result 1s quite similar to that found with
Fe(111). The ratio y/m does not remain
constant but decreases with increasing con-
centration which i1s further evidence of the
occurrence of surface reconstruction.

The combined use of 2N, and ¥N, was
further used to confirm the atomic nature
of the surface species as well as to establish
the occurrence of the exchange process:
Niurt. = Npuee Exposing a clean surface at
680 K to a 1:1 mixture of 22N, and *N,
leads to the subsequent desorption of ¥N,.
Analysis of the mass balance revealed that
complete 1isotopic equilibration had oc-
curred on the surface, as was also observed
with the other planes.

If a freshly sputtered surface is exposed
to *N. after a brief annealing (leading to
y = 0.5) subsequently recorded desorption
spectra show the desorption of N, (Fig. 5
curve a). That means that a part of the
N from the surface region had been ex-
changed with the "N which had been
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Fia. 4. Variation of the relative amount m of
desorbing N, (as determined by m = fpdt from
the thermal desorption spectra) with the N:Fe
Auger peak-height ratio y.
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Fia. 3. N, desorption spectra demonstrating the
oceurrence of exchange between surface and bulk
nitrogen. (For explanation see text.)

stored in the bulk. In a further experiment
the “N concentration of the bulk was first
increased by exposing the sample at 680 K

Fia, 6. LEED patterns from Fe(110) after interaction with N..

@y =04; (d) y =00
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for 36 h to 8 X 10 Torr of N,. Sub-
sequently, the surface was cleaned and ex-
posed to N, as above (i.e.,, again to
y = 0.5). Thermal desorption of *N, (curve
b in Fig. 5) after this treatment showed an
appreciably larger amount of this species
desorbing from the surface, as expected.

3.8 Low-Energy Electron Diffraction

A series of LEED patterns corresponding
to various nitrogen surface concentrations
is reproduced in Fig. 6. At a first glance
these patterns appear to be rather complex,
but a detailed inspection reveals the forma-
tion of two different long-range periodici-
ties: (a) Structure I is formed first (Fig.
ta,b) and can bhe designed as a2 X 3 struc-

;) oy =03

() =02
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Frg. 7. Structure I. (a) Unit cells of both domain orientations. (b) Constructed reciprocal
lattice: (@) substrate lattice [unreconstructed Fe(110); (O and X) reciproeal lattice points from
both domain orientations from the swrface structure. (¢) Corresponding LEED  pattern
(U = 120 V),
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Fig. 8. Structure IL. (a) Unit cells of both domain orientations. (b) Constructed reciprocal
lattice, (¢) Corresponding LEED pattern (U = 94 V),
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ture. Its unit cell vectors (by, bs) refer to
those of the substrate lattice (a;, as)
through b, = 3a;, b: = 2a,, as shown by
Fig. 7a. The symmetry of the surface de-
mands the formation of a second equivalent
domain orientation with b; = 2a,, by = 3a.
with a mirror plane along the [001] direc-
tion. The econstructed reciprocal lattice
points for both domain orientations are
drawn in Fig. 7b and have to be compared
with the observed corresponding diffraction
pattern as reproduced in Fig. 7c.

(b) Structure II (Fig. 6d) is characterized
by a larger unit cell with vectors b, = 4ay,
by = ay + 3a: (first domain orientation)
and by = 3a; + as, b: = 4a; (second do-
main orientation) as shown in Fig. S8a. This
is obviously no longer a ‘‘simple” surface
structure which may be related to the sub-
strate structure through Wood’s nomencla-
ture (4) since the angle between a, and a.
differs from that between b; and b,. The
corresponding reciprocal lattice (including
multiple diffraction spots) is reproduced in
Fig. 8b and is identical to the observed
LEED pattern (Fig. 8c).

IMigure Ga shows that at rather low nitro-
gen surface concentrations the LEED pat-
tern contains elongated spots of structure
1. This indicates an island growth mecha-
nism with at first anisotropic dimensions,
i.e., the domains grow at first preferentially
in the direction of their shorter periodicity.
[The width of LEED spots is inversely
proportional to the degree of long-range
order in the regarded direction (10). Note
also that the LEED pattern cannot yield
information on the question whether the
“extra’ spots are caused by Fe or N atoms
without analysis of the intensities. ]

With increasing nitrogen concentrations
these “extra” spots become sharper due
to growth of the islands in both directions
and finally they gradually disappear at the
expense of the emerging pattern from strue-
ture 11. (Figure 6c shows a superposition
of LEED spots from Dboth structures.)
Above y > 0.4 only structure 11 was ob-
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served. However, the formation of both
phases was not a unique function of the
N surface concentration but was also in-
fluenced by the content of the bulk in the
subsurface region. If the latter was high
the structures were formed at smaller y
values, e.g., structure IT might already ap-
pear at y = 0.25. This result suggests that
we are not dealing with simple overlayer
structures which may be associated with
definite coverages but rather that inter-
action with N, causes a structural trans-
formation of the Fe atoms at the surface.
It is remarkable that [as in the case of
Fe(111)] removal of the nitrogen by de-
sorption leads to a complete restoration
of the initial (nonreconstructed) surface
periodicity.

4. DISCUSSION

The present results must be discussed in
connection with the conclusions drawn for
the (100) and (111) surfaces (1), and we
believe that a relatively closed and con-
sistent general picture will be reached.

(i) With all three planes above room tem-
perature only atomic chemisorption is ob-
served. In the present case this conclusion
is confirmed by the isotopic exchange ex-
periments and by the close analogy of the
kinetics and energetics of adsorption and
desorption with those observed with the
two other planes where more direct evi-
dence was reached by ultraviolet photo-
electron spectroscopy. Hints for the forma-
tion of a molecularly adsorbed species were
only obtained at rather low temperatures
and relatively high pressures. With Fe(110)
the work function decreases by about 15
mV at 4 X 10~* Torr of N; and 120 K in
a manner similar to that of the (111) plane.
It is suggested that chemisorbed N atoms
are slightly negatively charged, whereas ad-
sorbed N, molecules are associated with a
very small positive charge, in agreement
with earlier work with evaporated Fe films
(11).
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(i) The initial activation energies for ad-
sorption were found to be about 7, 5, and 0
keal/mole for Fe(110), (100), and (111),
respectively. Consequently, chemisorption
of nitrogen proceeds at the lowest rate on
the most densely packed (110) plane. If
this step is in fact rate determining in am-
monia synthesis this plane would be the
least active; the rate at 683 K is about
60-fold smaller than that on Fe(111).

(iii) The thermal desorption spectrum
exhibits a rather narrow peak the maximum
temperature of which is essentially inde-
pendent of coverage. Both observations sug-
gest that desorption is a first-order rate
process from a surface with coverage-inde-
pendent adsorption energy. This result is
somewhat surprising in view of the fact
that two different surface structures were
observed, but it closely resembles the
behavior of the (111) plane where a single
narrow TDS peak was also observed de-
spite the occurrence of a whole series of
complicated LEED patterns. It has to be
concluded that the effective metal-nitrogen
bond strengths (and therefore also the
structures) are very similar for the differ-
ent phases. Using the TDS peak tempera-
tures [930 K for Fe(110), 850 I for
Fe(111)] and assuming first-order desorp-
tion kinetics with a “normal” frequency
factor of 10 sec™, activation energies for
desorption [E*, = 57 keal/mole for (110)
and 52 keal/mole for (111)] are derived
using Redhead’s (o) formula. If these num-
bers are used to evaluate the half-widths
of the TDS traces according to a procedure
as outlined by Edwards () a value of
about 70 K is attained for first-order de-
sorption kinetics which agrees reasonably
well with the findings for the (110) and
(111) planes, whereas 100 K would be pre-
dicted for second-order desorption kinetics.
In contrast, with Fe(100) the thermal de-
sorption peaks are considerably broader
(130 K) and shift toward lower tempera-
ture with increasing coverage, although a
detatled analysis again suggests o fivst-
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order rather than second-order desorption
process, the desorption energy presumably
varying with coverage. The mean desorp-
tion energy from Fe(100) was estimated
to be about 58 keal/mole. The essential
difference between Fe(100) and the other
two planes consists in the structure: With
Fe(111) and (110) there is strong evidence
for surface reconstruction with formation
of “surface nitrides,” whereas there is no
indication of such a process with Fe(100)
where the ¢2 X 2-overlayer structure, al-
though closely related to the (002) plane
of FesN resembles more a ‘“regular’ ad-
sorption system.

Combining the activation energies for ad-
sorption with those for desorption the fol-
lowing adsorption energies are deduced:
(110) 50, (100) 53, and (111) 52 keal/mole.
These values are suprisingly similar keep-
ing in mind that adsorption and desorption
are complex processes involving [at least
for the (110) and (111) planes] not only
the formation or breaking of M-N bonds
but also changes in the metal-metal bonds
associated with the surface reconstruction.
It is suspected that several effects counter-
balance each other so properly that nearly
equal “effective’” adsorption energies result.

(iv) Beside desorption kinetics there is
further evidence for surface reconstruction
with the present system based on argu-
ments similar to those used in the case of
Fe(111): (a) The LEED patterns reveal
the formation of complex structures with
rather large unit cells which cannot be
reconciled with simple overlayer geo-
metrics [in contrast to Fe(100)]. The ob-
servation that, in both cases, the existence
of a certain surface structure is not solely
a function of coverage but is also influenced
by the history of the sample (i.e., the sub-
surface nitrogen concentration) as well as
by kinetic parameters such as annealing
temperature suggests the operation of
nucleation phenomena. This again points
toward the growth of new phases rather
than the formation of simple adsorbate
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Fic. 9. Possible configurations of Fe atoms (open circles) on the Fe(110) substrate plane
(dotted circles). No locations of the nitrogen atoms are drawn. (a) Structure I; (b) structure II.

layers. (b) The Auger peak height ratio y
is not proportional to the desorbing amount
of Ny, m = Sfpdt, as derived from the
thermal desorption spectra. As discussed
in detail in Ref. (7) this effect can be ex-
plained by assuming that the N atoms are
not only located on top of the surface but
to some extent also below the topmost
layer of Fe atoms.

(v) The close similarities of the desorp-
tion energies of the N/Fe(100) and (111)
systems with the activation energy of de-
composition of Fe,N was previously con-
sidered as support for the proposed surface
structures which were closely related to
the configurations of Fe atoms in the (002)
and (111) planes of fec FesN (7). If the
same argument is applied in the present
case, it Is again possible to construct ar-
rangements of Fe atoms on the unrecon-
structed surface which would cause the
observed LEED patterns and which, on
the other hand, are rather similar to the
atomic configuration in the (111) plane of
FesN. (a) Figure 9a shows the proposed
geometry of Fe atoms in structure I, form-
ing a hexagonal array with nearest-neighbor
distances of 2.85 A. [In FeyN this distance
would be 2.68 A (7)]. The density of Fe
atoms in this layer would be 1.43 X 10'%

em—2 The vectors of the primitive unit
cell of this structure c;, c2 would be related
to those of the substrate lattice through
¢ = 6/5(11 + 3/5&2, Cy = 4/50,1 + 3/502.
(b) A model for structure II is reproduced
in Fig. 9b. This, in fact, is no longer an
exact hexagonal arrangement. The nearest-
neighbor distances (2.64 and 2.71 A) differ
slightly from each other but agree very
closely with the value for Fe,N. The primi-
tive unit cell vectors may be written as
a=9/11a;—5/11as; ¢x=3/11a;+13/11a..
The density of Fe atoms in this layer is
1.57 X 10" cm™2,

No positions for the nitrogen atoms
(which presumably will be located in three-
fold-coordinated sites as in Fe,;N) are
drawn in Fig. 9 since even their absolute
conecentrations are not known. In addition
we may once more only speculate on the
thickness of the ‘“surface-nitride” phase
which in the case of Fe(111) was assumed
to involve Fe atoms from two layers. The
atomic densities of the structures proposed
for the N/Fe(110) systems would be about
209, smaller than with the unreconstructed
Fe(110) plane which implies considerable
movement of the remaining atoms il for
example they are not built in in a second
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layer. However, the occurrence of appreci-
able mass transport on Fe surfaces during
decomposition of ammonia is a well known
fact and was recently directly observed by
scanning electron microscopy by Loffler
and Schmidt (8). Also in the course of the
present investigations irreversible faceting
as a consequence of NH; interaction at
higher temperatures was observed by
LEED (9). The restoration of the initial
unreconstructed substrate structure after
desorption of N, from Fe(110) and Fe(111)
could be regarded as some kind of epitaxial
growth.
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