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Scanning-tunneling-microscopy studies of (2 X 3)N-induced structures, thermal desorption,
and oxygen coadsorption on the Cu(110) surface
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We have used scanning tunneling microscopy (STM) to investigate (2 X 3)N-induced structures arising
from the bombardment of activated nitrogen onto the Cu j 110] surface followed by annealing. We have
examined these structures for a variety of nitrogen doses, beam energies, and annealing temperatures. In-
creasing the nitrogen dose resulted in the gradual appearance of an additional N-induced structure also
possessing a (2 X 3) periodicity. Studies were performed on various desorption mechanisms (thermal and

tip induced). Images of the surface after heating to temperatures at which partial desorption of the
(2 X 3)N reconstruction occurred show that thermal desorption results in islands of clean Cu centered on

step edges. Pulsing the voltage between the sample and tunneling tip was also found to induce desorp-
tion. We have formed codomains of the (2X 1)O and (2 X 3)N reconstructions. Images of the codomains
yield the registry of features within the (2X 3)N reconstructions with respect to the substrate and suggest
a double added row mechanism for the formation of the (2X3)N reconstruction. Models are presented
for both the (2 X 3)N-induced structures.

I. INTRODUCTION

The CuI 110]-(2X 3)N system has been studied with a
variety of techniques in recent years but with very little
agreement between experimental results. This system
was studied by Heskett, Baddorf, and Plummer using
thermal-desorption spectroscopy (TDS), low-energy elec-
tron difFraction (LEED), and high-resolution electron-
energy-loss spectroscopy (HREELS). ' In that study
atomic nitrogen was deposited by using an ion gun to
bombard the clean surface. After nitrogen deposition fol-
lowed by annealing to 600 K a (2 X 3) LEED pattern was
reported. HREELS measurements suggested that the N
atoms occupy long-bridge sites. Baddorf and Zehner
studied this system with LEED, TDS, x-ray photoelec-
tron spectroscopy (XPS), and Auger-electron spectrosco-
py (AES). Their LEED and TDS results agreed well
with the previous study except that their thermal-
desorption line shapes difFered somewhat. From their
XPS measurements, they concluded that —', of a mono-

layer of N atoms were involved in the (2X3)N recon-
struction. Other studies have been performed to deter-
mine the surface structure of the (2 X 3)N reconstruction.
A photoelectron-difFraction study was unable to
differentiate between adsorption in the long-bridge site
and in the fourfold-hollow site. A low-energy ion-
scattering study, which indicated a contraction of the lat-
tice spacing in the [001] direction, led to the proposal of
a pseudosquare reconstruction, which is essentially a
Cu[100'~-c(2X2)N layer superimposed over the Cu[110]
surface. " A subsequent low-energy ion-scattering
study by Spitzl, Niehus, and Comsa contradicted these re-
sults. In this study, no change was observed in the
periodicity of the Cu atoms in the [110]direction, from
which it was concluded that it is the arrangement of the
nitrogen atoms in the (2X3) reconstruction that is re-

sponsible for the doubling of periodicity in this direction.
These measurements further suggested that every third
(110) close-packed row of the outermost Cu layer was
missing. Coupled with an Auger-electron spectroscopy
measurement for the N coverage of 0.2%0.05 ML, a
missing-row model was proposed in which every third
( 110) row of Cu atoms was missing, with N atoms locat-
ed in long-bridge sites between every other pair of Cu
atoms within the remaining rows. This requires a nitro-
gen coverage of —,

' of a monolayer, in strong contrast to
the 0.63-ML measurement of Baddorf and Zehner. An
early scanning-tunneling-microscopy (STM} study was in-

terpreted to be consistent with this structural model;
however, a subsequent STM study observed additional
features which question the positioning of the nitrogen
atoms within the missing-row model and showed a depen-
dency on the surface structure as a function of the nitro-
gen dose, suggesting the existence of high- and low-
nitrogen-coverage (2 X 3 ) reconstructions. s A recent
analysis of LEED I-V curves could not produce strong
support for the model proposed in Refs. 6 and 7, nor did
it provide strong support for any of the previously pro-
posed models. In fact, a structural model with missing
rows of Cu atoms running in the [001]direction, orthogo-
nal to the missing-row model proposed earlier, ' gave
best agreement between experimental results and theoret-
ical simulations for an extensive set of possible surface
reeonstructions.

In this study, we summarize our attempts to under-
stand the Cu[110]-(2X3)N system via the use of scan-
ning tunneling microscopy. We have performed detailed
studies on the nitrogen-coverage dependence of the sur-
face to see how the (2 X 3 } structures form. We have
looked at mechanisms by which the (2X3) reconstruc-
tion is removed from the surface, namely thermal and
tip-induced desorption. %'e have coadsorbed oxygen to
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view the relationship between codomains of (2 X 3) recon-
structions and the well-understood (2X1}O reconstruc-
tion. This multifaceted approach has led us to propose
structural models for both the (2X3}N reconstructions
and to the realization that these structures are formed by
added rows of Cu atoms.

II. EXPERIMENTAL DETAILS

the 8 features. We have designated this as feature C. In
Fig. 1(b), which shows an image of a typical area of the
surface after a much higher N dose using higher ion ener-

gy, the density of the A features is greatly increased. Al-
though the tunneling conditions are considerably
different for the two images, we found that the bias volt-
ages and tunneling currents required to obtain atomic
resolution varied considerably with the different tungsten

These experiments were performed in an ultrahigh-
vacuum chamber with a base pressure of 5 X 10 "mbar.
The STM used in this study was a commercial Omicron
Vacuumphysik STM. The chamber also contained facili-
ties for sample bombardment, LEED, and a quadrupole
mass analyzer. The sample was mounted on a Ta
baseplate with Ta clips. Sample heating was accom-
plished by electron-beam bombardment with the elec-
trons striking the back of the baseplate. Sample temper-
atures were monitored by means of a Chromel-Alumel
thermocouple mounted on the sample manipulator ap-
proximately 2 cm away from the sample. The Cut 110I
surface (5 X7 mm ) was prepared by mechanical and elec-
trochemical polishing and cleaned in vacuo by repeated
cycles of argon-ion bombardment and annealing to 720 K
until a sharp (1 X 1) pattern was observed by LEED. The
nitride overlayers were prepared by ion bombardment of
the crystal at room temperature for various lengths of
time using 3.6X10 mbar of 99.999% purity N2 and
beam energies of either 500 or 200 eV. The typical ion
current was approximately 5 pA. It should be pointed
out that the current measured represents the nitrogen-ion
fiux incident on everything in electrical contact with the
sample and not just the sample itself, hence the total in-
tegrated currents serve only as upper bounds for the actu-
al nitrogen doses. Heating the crystal after nitrogen
deposition to 600 K produced sharp (2X3) LEED pat-
terns with low background inteasities. Oxygen coadsorp-
tion studies were performed by backfilling the vacuum
chamber to a pressure of 5 X 10 mbar of 99.999% puri-
ty oxygen for prescribed lengths of time.
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III. DEPOSITION-DEPENDENT RESULTS

In our earlier study of this system, we demonstrated
that for very low N doses (typically on the order of 50
pc) followed by annealing to 600 K, the (2X3)N struc-
tures would form in rectangular islands elongated in the
[110] direction. This was surprising in that HREELS
measurements suggest that both 0 and N bond in long-
bridge sites on this surface. ' Yet, the adsorption of oxy-
gen results in a (2X1) reconstruction displaying island
growth in the [001]direction. '

It was also observed that increasing the N dose result-
ed in the gradual appearance of an additional N-induced
structure also possessing a (2X3) periodicity. Figures
1(a) and l(b) show high-resolution images of both (2 X 3}
N-induced structures. Three distinct atomic-scale
features can be observed in these images. In Fig. 1(a), we
observe the occasional presence of an atomic feature la-
beled A in the figure. The position of this A feature is
directly in the center of four 8 features. Also, an addi-
tional periodic feature appears in the dark row separating

FIG. 1. (a) 60X60 A STM image of a typical area of the
Cu[110) surface following a 200-eV 150-pC, N-ion bombard-
ment and annealing to 600 K. (Sample bias —1.0 V, I= 1 nA. )

(b} 60X 60 A~ STM image of a typical area of the Cu j 110) sur-
face following a 500-eV, 4400-pC, N-ion bombardment and an-
nealing to 600 K. (Sample bias 0.06 V, I= 1 nA. ) Atomic-scale
features observed in these images are labeled A, 8, and C.
(2X3) unit cells are outlined. The only difFerence between the
two images appears to be the increase in density of the A

features.
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tips used during the course of these studies. Once a par-
ticular set of tunneling parameters was found that yielded
atomic resolution, however, the images obtained were
quite reproducible.

We observed the following behavior in the surface den-
sity of the A features. For the subsaturation doses of 45
and 55 pC and the near-saturation dose of 150 pC, the
density of A features remained constant at 0.25
features per (2X3}unit cell. For a 450-pC dose at 200
eV followed by annealing to 600 K, the density rose to
0.58 A features per unit cell. A dose of 4800 pC, fol-
lowed by the 600-K anneal, only resulted in a slight in-
crease in the density of A features to 0.60 per (2X 3) cell.
We also explored the effect of ion energy on the resultant
surface structure. Our results were consistent with that
of Ref. 7, in that using beam energies of 500 eV created
more damage on the surface resulting in a higher step
density. However, we observed that the bombardment of
500-eV ions was more eScient in increasing the density of
A features on the surface. For example, a 50-pC dose at
500 eV resulted in islands like those previously observed
in Ref. 8, but within the islands the density of A features
rose to 0.54 per unit cell. Likewise, a 4400-pC dose [Fig.
1(b)] resulted in a surface density of 0.8 A features per
(2 X 3) unit cell. No attempt was made to study the eff'ect

of a 2-keV bombardment as was used in the low-energy
ion-scattering study of Ref. 4.

That the density of the A features increased with in-
creased nitrogen dosage and higher ion energies suggests
that feature A is nitrogen derived. This was viewed as
evidence for the existence of low- and high-coverage
(2X 3)N reconstructions, with the images of Fig. 1(a) and
those of Ref. 7 being those of a low-coverage (2X3)N
reconstruction and the images like Fig. 1(b) being those
of a high-coverage (2X3)N reconstruction. To further
discuss these two reconstructions, we designate these as
the a{2X 3)N reconstruction [Fig. 1(a)] and the p(2 X 3)N
reconstruction [Fig. 1(b)].

eV. Heating the crystal after nitrogen deposition to 600
K produced a sharp {2X3) LEED pattern with a low
background intensity. After initial images were taken to
check that we could resolve the P(2X3)N reconstruction
and assess the surface quality, the sample was then placed
back into the sample manipulator and heated in 20- or
10-K temperature increments starting at 670 K. The
sample was allowed to cool and then reimaged. Typical-
ly, the sample could be removed from the STM, heated,
allowed to cool, and reinserted into the STM in 1 h time.
Initially these temperature treatments had the effect of
annealing the sample and resulted in a lower density of
atomic steps. We discovered the first instances of
thermal desorption, however, after the sample was heated
to 690 K. We saw small areas in our images which ap-
peared featureless, in contrast to the noticeable (2 X 3)N
rows nearby. We interpret these areas to be clean areas
of (1 X 1}. Figure 2 shows a typical image of the surface
after it had been heated to 740 K. Analysis of this image
shows that approximately 26% of the surface has been
converted from (2X3) to (1X1). Examination of the
(1X1) areas of Fig. 2 shows that all (1 X 1) areas contain
at least one step edge. In fact, examination of all images
taken during the course of this phase of the experiment
showed that no single (1 X 1) area could be found which
did not contain a step edge. This leads us to conclude
that step edges serve as initial sites for the desorption
process. What is also interesting is that (1 X 1) areas are
present on both sides of a step edge, indicating that
desorption occurs both backward from a step edge and
forward from the base of a step. Table I shows the per-
centage area converted to (1 X 1) observed after each
temperature treatment. Measurements were made after
heating to 750 and '760 K; we were still able to observe
some (2X3)N areas, but these areas were separated by
much larger (1 X 1 ) areas, and we were thus prevented by
the maximum scan size of the microscope (2000X2000

IV. TEMPERATURE-DEPENDENT RESULTS
AND DESORPTION STUDIES

We examined the effect of raising the annealing tem-
perature for both the (2 X 3)N reconstructions. We were
curious as to whether, for example, the a(2X3)N recon-
struction could be converted into the p(2X3)N recon-
struction by simply annealing at higher temperatures.
Prolonged annealing at 660 K of a surface containing rec-
tangular (2 X 3)N islands resulted in a coalescence of the
(2 X3 } islands but not an increase in the density of the A
features. Likewise, further annealing of the p(2X3}N
reconstruction did not result in conversion to the
a(2 X 3 }N reconstruction or in an increase in the density
of 3 features.

We also sought to raise the annealing temperatures to
those at which we could expect partial desorption of the
overlayer to occur and then reimage the surface in order
to gain insight into the desorption process. We per-
formed this phase of our experiments on a p(2 X 3 }N sur-
face generated by 4400-pC nitrogen bombardment of the
crystal at room temperature using a beam energy of 500

FIG. 2. 1000X 1000 A image of the Cuf 110I-(2X 3)N sur-

face after heating to 740 K. Approximately 26 jo of the surface
has been converted to (1 X 1) (sample bias —1 V, I= 1 nA}.
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TABLE I. Percentage of sample surface converted to (1X1)
as a function of temperature.

T (K)
area (%)

690
1.6

710
3.0

730
22.4

740
37.7

A ) from determining how much of the (2X3}N recon-
struction remained on the surface.

Figure 3 shows a boundary region between an area of
the (2 X 3)N reconstruction and the clean Cu. At the top
left-hand corner we see near-atomic resolution on the
(1 X 1) Cu area. Although we were not able to resolve a
corrugation in the [110]direction, the 3.6-A spacing of
the corrugations in the [001] direction is consistent with
the dimensions of the (1X1)unit cell. The boundary be-
tween the two regions is quite abrupt and lies along the
[110]direction. In the (2 X 3)N areas near the boundary,
feature A is quite likely to be missing. Features B and C
remain relatively intact. Much, if not all, of our insight
into how desorption occurs on an atomic level occurs not
as result of experimental observation but on the basis of
theoretical simulation. ' For example, Hood, Toby, and
Weinberg' used a combined Monte Carlo simulation and
continuum rate expression approach to describe molecu-
lar desorption of N2 from a RuI001] surface. Their
simulated thermal-programmed desorption spectra agree
well with the experimental results of Refs. 18 and 19.
They demonstrated that a low-coverage peak in the
desorption spectra was due to desorption of Nz, mole-
cules located at the perimeter of N2 islands and that the
interior of the islands remains intact. Even though these
simulations were carried out for the desorption of an ad-
layer, we see that the insights derived from that study are

applicable to our study in that desorption observed in this
system results in islands of clean Cu.

We discovered during attempts to perform scanning
tunneling spectroscopy on this surface that we could re-
move the A feature from areas of the surface. Typically,
this could be done by stabilizing the tip above the surface
with tunneling conditions of 1 V and 1 nA, turning off
the feedback, and then pulsing the voltage between 3 and
5 V. In Fig. 4(a), we see a 20X40 A area of the sample
containing 12 A features. Figure 4(b) shows the same
area after such a treatment; we see now only two A

features. The remainder of the image, in which 8
features are now visible, resembles Fig. 1(a}. It has been
demonstrated that such treatments can result in atoms
being removed from surfaces. We view this as still fur-
ther evidence for assigning feature A to be nitrogen de-
rived. Attempts to induce desorption in this manner
often resulted in degradation of resolution, possibly due
to nitrogen adsorption onto the tunneling tip. It is
known that even molecular nitrogen will adsorb dissocia-
tively on tungsten at room temperatures. '

V. OXYGEN COADSORPTION RESULTS

The subsaturation nitrogen doses or the thermal treat-
ments discussed earlier both resulted in areas of the clean
(1X1}surface coexisting with areas of the a(2 X 3)N and
P(2 X 3)N reconstructions respectively. Ideally one
would like to observe the spatial relationship between the
atoms in (1X1) and features in the (2X3) areas. We
were not able to achieve atomic resolution on both the
(1X1)and (2X3)N areas simultaneously. The best that
we were able to achieve was the observation of corruga-
tions in the [001]direction on an area of the clean surface

(a) Q

(b)

0 ~FIG. 3. 60X60 A image showing an area of clean Cu in the
upper left-hand corner and the (2X3)N reconstruction. Away
from the boundary the (2X3)N reconstruction is relatively in-
tact. Along the boundary, feature A tends to be absent (sample
bias —1 V, I=0.5 nA).

FIG. 4. 20 X40 A2 images of the same area of the sample. (a)
before and (b) after applying voltage pulses between the sample
and the tip. These pulses resulted in the removal of 10 of the 12
3 features visible in (a) (sample bias —1 V, I= 1 nA).
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bordering the P(2X3}N as shown in Fig. 3. To obtain
the spatial relationships between the (1 X 1) areas and the
(2X3) areas, we chose to coadsorb oxygen on both these
surfaces. Oxygen will adsorb dissociatively at room tem-
perature on the CuI110] surface and form a (2X1)
reconstruction. Likewise, we can investigate the possibil-
ity of oxygen adsorption on the (2 X3)N reconstructions.

The CuI110]-(2X1)O surface has been extensively
characterized by a large number of experimental tech-
niques. Both the structure and mechanism of formation
are known. This reconstruction was shown to be an
added-row reconstruction consisting of strings of alter-

nating Cu and 0 atoms aligned along the [001] direction
of the substrate. " ' The oxygen atoms are adsorbed in
subsurface long-bridge sites.

Because oxygen adsorbs dissociatively at room temper-
atures, we were able to dose oxygen onto the Cu[110]
surface without removing it from the microscope. Figure
5(a) is a 200X200 A image with simultaneous atomic
resolution on both the (2X 1)O and u(2X3)N recon-
structions. As observed in previous STM studies, '

the Cu and 0 atoms order into islands with the long
direction of the islands in the [001] directions of the sub-
strate. The resultant surface with areas of both recon-
structions occurring simultaneously takes on a "tartan"-
like appearance. In this figure, we see that the Cu-0
strings arbitrarily align themselves either with the B
features or halfway between them. Figure 5(b) is a
70X70 A image with simultaneous atomic resolution on
both the (2X1)O and P(2X3)N reconstructions and
shows the same spatial relationship between the unit cells
for both reconstructions as observed in Fig. 5(a). The
surface imaged in Fig. 5(b) was created by partially
desorbing the (2X3)N reconstruction by heating the
sample to 730 K and coadsorbing oxygen at room tem-
perature to form the (2X 1)O reconstruction in the resul-
tant clean areas. We did not observe oxygen exposure to
have any effect on the areas of either of the two (2X 3)N
reconstructions.

In the following section, we will use the spatial rela-
tionship between the atomic features observed in both
reconstructions to help derive models for the (2X3)N
reconstructions.

VI. STRUCTURAL MODELS

(b)

,.,A '

@AC
'

FICx. 5. Atomic-resolution images of codomains of the
(2X1)0 and (a) the a(2X3)N and (b) the P(2X3)N reconstruc-
tions. (ajI is a 200X200 A image taken with a sample bias of
—2.5 V and a tunneling current of 1 nA. {b) is a 70X70 A irn-

age taken with a sample bias of —1.0 V and a tunneling current
of 1 nA.

In general, building models for surface reconstructions
based on STM data is somewhat speculative. A
scanning-tunneling-microscopy image represents a con-
volution of local atomic and electronic structure of both
the sample and the tunneling tip. This can easily be seen
in Fig. 6 where a change in the tunneling tip causes dras-
tic changes in a STM image of codomains of the
a(2X 3 }N, (2 X 1)O, and clean surface. In one part of the
image the areas of the (2X3)N and (2X 1)O reconstruc-
tions appear as depressions relative to the clean surface.
This behavior has been observed before and has been at-
tributed to oxygen adsorption on the tip itself. '3 We also
believe that this is the case as w'e only observed such
drastic changes in images of the (2 X 3 }N reconstructions
when we were performing experiments that involved oxy-
gen coadsorption. A further disadvantage of STM is the
lack of chemical sensitivity; when one views a STM im-

age of a surface with a variety of dilerent atomic species
present, it is often dificult to make elemental assignments
to the observed atomic-scale features. In the several
STM studies of the Cu[110]-(2X1}O(Refs. 11—15) and
Cu[100]-(2v 2Xv'2)845'-0 (Ref. 23} systems, in only a
few cases do authors attempt to make elemental assign-
ments of the features observed in their images ' most
simply refer to the features observed in their images as
Cu-0 bonds. In Refs. 13 and 15 the protrusions observed
in the (2X 1) unit cells are assigned to the Cu atoms. Fi-



49 SCANNING-TUNNELING-MICROSCOPY STUDIES OF (2 X3)N-. . . 8295

FIG. 6. 400X400 A2 image of codomains of the (2X1)O and
a(2X3)N reconstructions taken with a sample bias of —2.5 V
and a tunneling current of 1 nA. The image shows the effects of
multiple tip changes that occurred occasionally while perform-

ing oxygen adsorption experiments.

nally, STM is an extremely surface-sensitive technique;
hence, it is often impossible to obtain information on how
the atomic-scale features viewed in an image are related
to the atoms in the layers below.

Let us examine how images like that of Fig. 7(a} help
us to circumvent the above limitations of STM. The
Cu[110I-(2X1)O reconstruction is a well-understood
surface reconstruction consisting of added rows of alter-
nating Cu and 0 atoms running in the [001] direc-
tions. ' ' The Cu atoms in the rows are in twofold-
hollow sites above the surface and the 0 atoms are in
long-bridge sites bonded slightly below the neighboring
Cu atoms. The spatial relationship of the atoms in the
(2X1)O reconstruction to those in the layers below is
well understood and hence can be used to derive the rela-
tionship between the atomic features observed in the
(2X3)N reconstruction and the atoms in the subsurface
layers. Figures 7(b)—7(e) shows a series of possible atom-
ic relationships based on Fig. 7(a) and a set of explicit as-
sumptions. Figure 7(b) shows the spatial relationship be-
tween the A and 8 features of the (2X 3)N surface as ob-
served in Fig. 7(a) and the substrate atoms below, based
on the assumptions that we are imaging the Cu atoms in
the (2X1) reconstruction and that the 8 features are
roughly coplanar with the added rows of the (2X1}
reconstruction. Figure 7(c) assumes that we are imaging
the 0 atoms in the (2 X 1) reconstruction and that the 8
features are roughly coplanar with the added rows. Fig-
ure 7(d) assumes that we are imaging the Cu atoms of the
(2X1), but assumes that the 8 features are roughly co-
planar with the first layer of substrate atoms. Figure 7(e)
assumes that we are imaging the 0 atoms within the

(2X1) reconstruction and that the 8 features are roughly
coplanar with the Srst layer of substrate atoms.

Thoughtful examination of these possible arrange-
ments, eliminates those shown in Figs. 7(c) and 7(d) from
further consideration. The arrangement shown in Fig.
7(c) and Fig. 7(d) place the 8 features in either short-
bridge sites or atop sites, respectively; it is highly unlikely
that a Cu or N atom would reside in such a site. Al-
though Fig. 7(e) places the 8 features in a long-bridge
site, which is certainly a reasonable position if the 8
features were nitrogen derived, it places the A features in
the awkward position of being in an atop site. We believe
that the preceding sections of this paper present strong
evidence for assigning feature A to be nitrogen derived.
Hence, we do not view the arrangement shown in Fig.
7(e) as a possible atomic arrangement.

We are left with Fig. 7(b), on the basis of which we will
offer models for both the (2X3)N reconstructions. The
arrangement shown in Fig. 7(b) is quite reasonable, based
a number of considerations. It assumes that the Cu
atoms are viewed in the (2X 1)O reconstruction, which is
in agreement with the elemental assignments in Refs. 13
and 15. The assumption that the 8 features are roughly
coplanar with the atoms in the added rows places them in
twofold-hollow sites, which would be reasonable sites for
Cu atoms. We will assume, therefore, that the 8 features
are copper derived. We note that careful measurements
of positions of the C features observed in Figs. 1(a} and
1(b) relative to the 8 and A features places the C features
in long-bridge sites relative to the substrate layer.

In order to construct models for the observed recon-
structions, it is necessary to have an accurate knowledge
of the number of nitrogen atoms per (2X3) unit cell.
Baddorf and Zehner report a coverage of —', of a mono-

layer based on XPS, and hence with this coverage there
should be four nitrogen atoms per unit cell. References
6 and 7 report a coverage of 0.2+0.05 ML and propose
models based on one nitrogen atom per unit cell. We
note that a study of activated nitrogen adsorption on the
[210] surfaces of Cu and Ni resulted in [110]facets that
displayed (2X3) LEED patterns; the nitrogen coverage
measured via AES in this study for both the Cu and Ni
surfaces was reported to be 0.65 ML. A study of the
Ni{110]-(2X3)N surface also used AES and derived a
nitrogen coverage of 0.5 ML. The higher coverage value
of Baddorf and Zehner is more consistent with those
values previously reported in the literature. Since the
sample preparation methods employed in this study to
produce the P(2X3)N reconstruction closely resemble
the method they used to prepare a nitrogen-saturated
(2X3) surface, we will construct a model for this recon-
struction based on their reported coverage of —', of a
monolayer. Since the only observed difference in the
STM images between the a(2X3}N and P(2X3}N recon-
structions is the occupancy of the A sites [maximum of
one per (2X 3) unit cell], we will construct a model for
the a(2X3)N reconstruction that assumes a coverage of
—,
' of a monolayer. These models are shown in Fig. 8.

These models consist of two added rows of copper
atoms in the [110]direction for every three rows of the
substrate. To accommodate the —', -MLN coverage report-



8296 F. M. LEIBSLE, R. DAVIS, AND A. W. ROBINSON 49

ed in Ref. 2, in the model for the P(2X3}N reconstruc-
tion [Fig. 8(a}],we have placed an array of N atoms in al-
ternating subsurface and supersurface long-bridge sites
bonded to the Cu atoms within added rows, and another
alternating array of N atoms bonded to the substrate
atoms between the rows. For the a(2X3}N reconstruc-

tion [Fig. 8(b}], we assume a model where the supersur-
face N atoms bonded within the added rows have been
removed. These models associate the A features with N
atoms bonded in long-bridge sites above the Cu atoms of
the added rows. Because of both the position of the B
features and their similarity within the images to the Cu

(o) (b)
2t ~

' 'RF

Y

F

(c)

2)

2'

II 2 ~

I '21 I ~

I ~

FIG. 7. (a) 70X70 A section of Fig. 6(a) with the contrast enhanced to help locate the atomic positions in the a(2X3)N recon-
struction relative to the {2X1)0 reconstruction. (2 X3) and (2X 1) unit cells are outlined and individual A and 8 features are indi-
cated. (b)—(e) ball models (side and top views) for the features observed in the two reconstructions based on the area contained within
the large square in (a). Shaded circles represent substrate Cu atoms, large open circles represent added-row Cu atoms and A and B
features, small open circles represent 0 atoms. (b) assumes that Cu atoms are viewed within the (2X 1) area and that the 8 features
are roughly coplanar with the added Cu-0 rows. {c) assumes that oxygen atoms are viewed with the (2X1) area and that the 8
features are roughly coplanar with the added rows. (d) assumes that Cu atoms are viewed within the {2X1)area and that the 8
features are roughly coplanar with the 6rst layer of the substrate. (e) assumes that oxygen atoms are viewed within the (2X 1) area
and that the 8 features are roughly coplanar with the added row. After careful consideration, (b) appears to the most satisfying op-
tion.
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atoms of the ( 2 X 1 )0 reconstruction, we associate the
pairs of B features with Cu atoms that have a N atom
bonded in a subsurface long-bridge site between them.
Because of the position of the C features, we have chosen
to associate them with N atoms bonded in a supersurface
long-bridge site to the Cu atoms of the substrate. To ac-
commodate the —,

' -ML N coverage requirement and for
reasons of symmetry, we have assumed the existence of
another N atom bonded in a subsurface long-bridge site
within the Srst layer of the substrate.

VII. DISCUSSION

FIG. 7. (Continued).

[1 10]

[001]

(b)

FIG. 8. Models for the (2 X 3 )N reconstructions based on
this work. (a) P(2 X 3 )N reconstruction and (b) a(2 X 3 ) recon-
struction. These are double-added-row models, where the A

features are associated with N atoms in supersurface long-
bridge sites in the added Cu rows. 8 features are associated
with Cu atoms in the added rows but bonded to N atoms in sub-
surface long-bridge sites. C features are associated with N
atoms bonded in supersurface long-bridge sites to the Cu atoms
of the first layer of the substrate. We assume also that there are
N atoms bonded in subsurface long-bridge sites to atoms in the
first layer of the substrate. These models have nitrogen cover-
ages of 3 and 2 MI. respectively.

The models presented in Fig . 8 are in agreement with
many aspects of the previous work done on this system;
although these models use higher N coverages than that
reported in Refs. 6 and 7, they agree with the positioning
of Cu atoms in those studies. We note that Ref. 6 was on
ion-scattering study, which is highly sensitive to the posi-
tions of the Cu atoms but relatively insensitive to the po-
sitions of the nitrogen atoms. Alternating arrays of sub-
surface and supersurface nitrogen atoms were postulated
by Baddorf and Zehner to account for the —', -ML cover-

age in the absence of a surface reconstruction. The mod-
els presented here have N atoms placed only in a single
type of adsorption site, in agreement with the XPS line-
shape analysis done in Ref. 2. These adsorption sites are
long-bridge sites in agreement with H REELS measure-
ments for both the CuI 1 10)-(2 X 3 }N and Ni{ 1 10)-
(2 X 3 )N systems. ' To discuss our results in light of the
photoelectron-diffraction study of Ref. 3 and ion-
scattering study of Ref. 4, we note that the pseudosquare
reconstruction model was proposed largely on the evi-
dence of the latter ion-scattering study. From the sample
preparation method, it seems likely that the surface stud-
ied was the high-coverage P( 2 X 3 ) reconstruction. The
lattice parameters determined in Ref. 4 are from a con-
sideration of the value of the surface threshold grazing-
incidence angle compared to that of the clean surface.
No change was found in the Cu-Cu lattice spacing in the
( 1 10) azimuth, which is consistent with both missing-
row and pseudosquare models. In ( 1 1 1 ), ( 21 1 ), and
( 100) azimuths, a more complex behavior is observed,
with the distinct possibility that the threshold grazing-
incidence angle observed consists of contributions from
more than one value of the Cu-Cu lattice spacing. In the
added-row models of Fig. 8, there are two different Cu-
Cu lattice spacings present in equal proportions. One is
equivalent to the lattice spacing of the clean surface, and
the other is twice this value. A value of 6.4+0.3 A is ca1-

culated in Ref. 4 for the Cu-Cu spacing in the ( 2 1 1 ) az-
imuth. On the basis of the added-rom models shown in
Fig. 8, we expect lattice parameters of approximately 4.4
and 8.8 A, and hence a mean value of 6.6 A. The
diSculty in making an unambiguous structure determina-
tion, especially given a complex surface reconstruction,
using the grazing-angle method cannot be overestimated.
Finally, in relation to the LEED I - V analysis done in
Ref. 9, we note that the models presented in Fig. 8, nei-
ther conflict with nor confirmed by this study, in that
LEED I- V curves were not calculated for the atomic ar-
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rangements contained within these models.
As mentioned earlier, the models we have derived for

the (2 X 3)N-induced reconstructions involve added rows
of Cu atoms, whereas the ion scattering produced a
missing-row model. Now, from a structural point of
view, there is no difference between the two. However,
there are differences in the formation of the two
structures. STM studies of the dynamics of the
formation of the CuI 110]-(2 X 1)O reconstruction
show that it is an added-row structure formed by Cu
atoms diffusing from step edges. ' ' Similarly the
CuI 100]-(2+2X+2}R45'-0 reconstruction was shown
by a STM study to form via a missing-row mechanism, by
observing the ejection of Cu atoms and subsequent expan-
sion of nearby step edges. Although, without a STM
capable of operating at high temperatures, we cannot
watch the (2X3)N reconstruction form, the structural
model derived in this study and the spatial relationship
between the codomains of the (2X1)O and a(2X3)N
reconstructions as shown in Fig. 7(a), imply that the
method of formation of the (2X3)N reconstruction in-
volves added rows of Cu atoms running in the [110]
direction.

A double-added-row model for the (2X3)N recon-
structions is perhaps the most paradoxical result of our
study, in that both N and 0 adsorb in long-bridge sites
on the CuI 110] surface, both induce added-row recon-
structions, both reconstructions exhibit highly directional
island growth, and yet the island growth directions are
perpendicular. We must, therefore, infer from this that
the preferential direction of island growth is determined
by interactions occurring during the formation of the
reconstruction rather than by adsorption geometry. As
has been observed in all the STM studies of the (2X1)O
reconstruction, there is a weaker attractive interaction
along the [110]direction which is responsible for slow is-
land growth in this direction at low 0 coverages and for
the removal of antiphase boundaries at higher cover-
ages. " ' Since the nitrogen reconstruction does not in-
volve alternating strings of N and Cu atoms like the
(2X1)O reconstruction, perhaps it is then a similar at-
tractive interaction along the [110]direction which dom-
inates during the formation of the (2X3)N reconstruc-
tion.

It seems reasonable to ask why there are both a and p
(2 X 3)N reconstructions. The work of Baddorf and
Zehner may provide a possible explanation. After 200-
eV nitrogen doses at 300 K, they observed the nitrogen
coverages to saturate near 1 ML. The width of the N 1s
core indicated that only one site was occupied for cover-
ages below —', ML, but additional site(s) were occupied at
higher coverages. Perhaps, upon annealing to 600 K, it is
the nitrogen atoms which are adsorbed in these addition-
al site(s) that become the A features 'observed in this
study. Regarding these A features, their assignment as

nitrogen atoms and as being adsorbed in supersurface
long-bridge sites in the added rows, would make them ex-
perience a much stronger electric field while the tip was
scanned over the surface. It is not surprising therefore
that these A features might undergo tip-induced desorp-
tion.

Finally, in our discussion, we recall that the 500-eV
bombardment was more efficient in the production of A
features than that at 200 eV. In the case of Cu[100] a
nitrogen-induced c (2 X 2) reconstruction could be
achieved alternatively through bombardment of activated
nitrogen or by cooling the sample to 100 K and dosing
with ammonia and then heating to drive off the hydro-
gen. 2 In view of the dependency on the ion energy, it
seems interesting to speculate whether both, or only one
of the (2X3) reconstructions could be created through
ammonia dehydrogenation.

VIII. CONCLUSIONS

We have used scanning tunneling microscopy to inves-
tigate surface structures arising from the bombardment
of activated nitrogen onto the Cu[110] surface followed
by annealing. We have varied the nitrogen dose and
found that for very low doses, images of the annealed sur-
face show that the (2X3)N reconstruction forms in rec-
tangular islands elongated in the [110] direction. In-
creasing the nitrogen dose resulted in the gradual appear-
ance of an additional N-induced structure also possessing
a (2X 3) periodicity. We have examined these structures
for a variety of nitrogen doses, beam energies, imaging
conditions, and annealing temperatures and conclude
that there exist both low- and high-nitrogen-coverage
(2X3) reconstructions, which we label as the a(2X3)N
and p(2 X 3 }N reconstructions, respectively. Oxygen
coadsorption studies support added-row models for both
reconstructions. We have devised models based on pairs
of added (110) rows of Cu atoms and on N adsorbed in
long-bridge sites with N coverages of —,

' and —', ML for the
two reconstructions. Images of the surface before and
after heating to temperatures at which partial desorption
of the p(2X3)N reconstruction occurred show that
thermal desorption results in islands of clean Cu centered
on step edges. Pulsing the voltage between the sample
and tunne1ing tip was also found to induce desorption of
only those nitrogen atoms adsorbed in supersurface
bridge sites within the added rows.
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