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Nitrogen-induced reconstruction of the Cu;Au(110) surface
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Using low-energy ion backscattering with the detection of neutrals in combination with scanning tunneling
microscopy and low-energy electron diffraction, we investigated theAG(L10 surface upon exposure to
nitrogen. Nitrogen was found to induce a Cu-surface segregation and a surface reconstructig@ ot
pattern. We suggest a model for this reconstruction, which is characterized by additional copper double rows
in (110 azimuth with nitrogen atoms in every second bridge position. The nitrogen atoms in neighboring
double rows are shifted by one atomic spacing with respect to one anf#0463-18206)01643-3

I. INTRODUCTION room temperature exhibits a ¥21) LEED pattern; in con-
trast, when the surface is cooled slowly, it exhibits a
Metallic alloys are of special interest due to their massiveg(4xX 1) LEED pattern. Both surfaces have been shown to be
use in catalytic applications. Single crystals of one singlegold-rich terminated.The saturation coverage of nitrogen as
atomic species have been intensively investigated with rewell as its desorption temperature are controlled by the AES.
spect to their behavior upon exposure to oxygen and nitroThe ion-sputtering gun is also used to dissociate the nitrogen
gen. The investigation of binary alloys upon exposure tomolecules.
these gases is a first step toward an understanding of the Figure 1 shows a STM image of the clean surface in
behavior of more complex, industrially interesting alloys. Inatomic resolution. The rectangle unit cell is indicated. The
this paper, we use neutral impact collision ion-scatteringdifferent atomic species, i.e., copper and gold, are indistin-
spectroscopy (NICISS), scanning tunneling microscopy guishable in the STM image. This is in contrast to the case of
(STM), and low-energy electron diffractioLEED) to in-  the CwAu(100 surface, where the different species are
vestigate the compositional and structural changes occurringistinguishablé. Most probably the different contrast on the
at the CyAu(110 surface upon exposure to nitrogen. (100 surface is due to the different relaxation in the topmost
In STM images of surfaces of single crystals of onelayer for the copper and gold atoms, respectiv8lyThis
atomic species the electron-density distribution is usually deads to the height difference imaged on fi€0 surface.
direct measure of the topography on the surface. The applifhe calculated height difference between the Au and Cu at-
cation of the method for mixed systems is, however, les®ms is 0.07 A for the110) surface, only about half of that
straightforward. In particular, adsorbates may be imaged urfor the (100 surface. This most probably causes the nondis-
expectedly dependent on the nature of the tip atohin  tinguishability of the two species in Fig. 1.
addition, no information of near surface layers can be de- The UHV chamber used for surface characterization by
rived by STM. In contrast, NICISS distinguishes betweenNICISS was described in detail elsewher¢ has analogous
different atomic species, and is sensitive to more than five
surface layers. The combination of the local probe STM
method and NICISS, which investigates the averaged local
order, has been demonstrated to be a powerful tool for the
investigation of surface structurésHere we demonstrate
that it is even more powerful for the investigation of binary
alloys. In addition, LEED is used to corroborate the long-
range order on the reconstructed surface.

Il. EXPERIMENT

The STM measurements were carried out in an UHV-
chamber described in detail in Ref. 6. The STM is of the
Beetle typ€, and operates at room temperature. For the
sample preparation and its control, the chamber contains an
ion sputtering gun, electron bombardment heating, a four-
grid LEED optic also used as an Auger electron spectrometer
(AES), and an infrared pyrometer. The sample is cleaned by
ion bombardment with 1 keV Af ions for 30 min, and
subsequent annealing at 773 K for 10 min. The Auger spec- FIG. 1. STM image of the clean GAu(110) surface in atomic
trum taken afterwards shows no contaminants. The surfac@solution; a unit cell is indicated) =0.6 V, =1 nA, 6.8X6.8
obtained by this procedure, followed by rapidly cooling to nn?.
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with the detector direction. This allows a “real” 180°
NICISS that simplifies the data interpretation considerably.
The scattering geometry used is shown in the inset in Fig.
2(a). The fixed scattering angle i8=180°. By varying the
azimuthal angle over a span of more than 90° at a fixed
glancing incidence angle, a so-called azimuthal scan is ob-
tained. A polar scan is obtained by varying the incidence
angle¥;, from 0° to more than 90° at a fixed azimuthal
angle determined beforehand to have a minimum in an azi-
muthal scan. Such a minimum is caused by a short distance
between neighboring atoms in the top surface layer, allowing
no backscattering. In the case of the clean surface, short dis-
tances are low-indexed azimuths. The energy distribution of
of the scattered neutrals is determined by the measurement of
TOF (time of flight). The TOF technique is especially suited
to an investigation of alloys because it allows the identifica-
tion of the mass of the surface atoms. Using helium as a
probe, all masses except hydrogen and helium can be de-
tected in one spectrum. Here the TOF detector allows us to
measure the particles scattered at the surface Au or Cu atoms
simultaneously on different channels. Figuréa)2shows
TOF spectra taken on the clean surface at a fixed polar angle
of ¥;,=4° and at different azimuthal anglels Each of the
TOF spectra exhibits two maxima which correspond to par-
ticles that were scattered on gold and on copper atoms, re-
spectively. Essential structural information can be obtained
from the ¢ dependence of the maxima in the TOF spectra
associated with scattering from one of the species at the sur-
face as indicated by the black lines in FigaR Further plots

will therefore show this fraction of the complete TOF scans
only.

The ¢ scan for gold, that was used to identify the azi-
<114> <332> muthal directions, is shown in Fig(l®. Each of the minima
can be attributed to a short distance between neighboring
atoms in the topmost layer of the surface. The model in Fig.
2(b) indicates these by the thick lines. The outlined gold
atom acts as the so-called scattering atom. If an ion coincides
with E;,=3.1 keV and¥,,=4° onto the scattering atom it
cannot reach any of the atoms within the circle, and therefore
cannot be backscattered. Each of the atoms within the circle
therefore causes a minimum in the azimuthal direction indi-
cated. The minima of the Cy¢ scan(not shown explicitly

<334>

> are found at the same angles.
B R R A R The difficulty to adsorb atomic nitrogen directly from
[ N, gas interaction with metal surfaces at room temperature

has already been noted for other surfadeti(110),!

FIG. 2. (a) TOF spectra of the clean GAu(110) surface; inci-  Cu(110),*2 and C,sAu(100) (Ref. 9]. It has been explained
dence angleV;,=4°. Black lines indicate the gold and copper by the high dissociation energy of nitrogen molecules. On a
scans, respectively. The inset shows the used scattering geometQu;Au(110) surface exposed to molecular nitrogen at a pres-
(b) Gold ¢ scan for¥;,=4°. Each minimum is related to an azi- syre of 3.5¢10"° Torr, no AES-detectable nitrogen adsorbs
muthal direction in the surface with a short nearest-neighbor disgyer several hours. We therefore use nitrogen ion implanta-
tance as indicated by the black bars in the surface model of thggn to obtain eventually an adsorbed N-atom layer. The im-
gold-rich terminated surface. The circle segment in the Surfac‘blantation is carried out with the sample facing the gun, and
model indicates the region where the shadow cone is active foL; o acceleration voltage &f=300 V (the ion flux is 0.1
Ein=3.1keV. Alcm?). The time needed for implantation of a saturation

coverage was determined by AES to be 8 min. An annealing
facilities for ion bombardment, heating, AES, and LEED to step to a temperature just below the nitrogen desorption tem-
those of the STM chamber, which allows a similar sampleperature caused surface segregation of the nitrogen im-
preparation. The Hé-ion beam of 3.1 keV for the NICISS is planted into deeper layers to the surface. On thé10Q)
produced in a differentially pumped ion gun. A condensersurface, a nitrogen reconstruction was induced by an analo-
deviates the beam, so that its direction of incidence coincidegous sample preparatidiThis step was also controlled by
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for the relative fraction of two species in the surface, where
N; is the number of scattering atoms in the irradiated spot,
I; is the measured intensity,; is the atomic number, and
S, takes into account the effect of the shadow cone, i.e., the
probability of being reached by the incoming ion be¥m.
Equation(1) is valid for glancing incidence angles for ion/
neutral trajectories far away from the shadow cone edge.
This is the case in azimuths that exhibit no minimum in a
polar scan.
The TOF spectra shown in Fig. 4 are takerdgt=4°,
and the arbitrary azimutkp=20° before and after nitrogen
implantation. They reveal a change in the intensity fraction
from I i1 4,=0.23:1 tol¢,:14,=1.43:1. According to Eq.
(1), this is due to a change in the atomic ratio from
Ncy:Nay=1.7:1 toNg,:Na,=11.0:1, by a factor of more
_ _ than 6. In other azimuths similar changes have been ob-
FIG. 3. LEED image of the nitrogen-covered §Au(110 sur-  geryed. This is comparable to the induced segregation found
face exhibiting ac(2X4) superstructure. The rectangle indicates upon gas exposure on other surfaces of@u For instance,
the (00), (01), (10), and(11) spots. The(00) spot is covered by the .o seqregation as a result of nitrogen coverage has been
sample. detected for CyAu(100).° Similarly, Cu segregation was re-
ported for Au,,Cugs(100,Y" for AuzCu(001),'® and for

AES. In contrast to the case with oxygen adsorption of thecu,Au(110) (Ref. 14 upon oxygen exposure.
same surfack! the final structure after N exposure and an-

nealing is similar for both the (1) and (4x1) structures C. STM data
of the clean surface.

Figure 5 shows STM images taken after the exposure to
nitrogen and annealing. The similarities with STM data mea-
sured at the nitrogen-covered @a0O surface are
remarkable. As dominating structure elements, on the
A. LEED pattern nitrogen-covered (& 3)-reconstructed Ga10) surface,

Figure 3 shows a LEED image of the nitrogen-coveredCOPPer double rows were _Segnl'g This reconstruction has
CusAu(110 surface. It exhibits a(2X4) superstructure. been descnped as a missing row structure with every third
The weak LEED reflexes even after annealing can be ext110 row missing, wherein nitrogen atoms show a charac-
plained by the roughness caused by the nitrogen implantd€ristic long-range order. They are proposed to be located at
tion. This partial disorder of the topmost layers can also b&Very second bridge position along t{&10) direction, and

concluded from the less steep slopes in the NICISS spect@igned in the(001) direction.
(see below. Figure §a) shows the N reconstructed gAu surface:

double rows with dark spots in td10) azimuth can clearly
be recognized. At a low nitrogen coverage the double rows
B. Nitrogen-induced Cu segregation build a local (2<3) structure. At saturation coverage the

In order to estimate the surface composition from thedouble rows become adjacefitig. Sb)]. Zooming in, Fig.

measured NICISS TOF intensities, one can use the forthula 2(C) Shows in atomic resolution that in ti@10) azimuth the
bright spots are 5.6 A apart, i.e., about two atomic spacings

(5.3 A). In adjacent double rows the spots are displaced by

Ill. RESULTS AND DISCUSSION

Au Cu Au Cu one atomic spacing with respect to the next double row. The
a) |4 ‘ b) 14 distances in and between the double rows measured from the
STM images ara=3.3 A andb=3.9 A . Weassume that

the bright spots are copper atoms, and the dark spots are
nitrogen atoms. This assumption is in line with the copper
segregation discussed above.(hl0) azimuth only every
L second copper atom is visible due to the changes in the elec-
\ tronic structure induced by the nitrogen atoms. STM being
mostly insensitive to chemical contrast, it is not possible to
> N > prove that the extrema in the electronic corrugation seen in
fime-of-fight time-of-flight the STM images correspond to the atomic centers. In the
following, we will explain the origin of the extrema in the
FIG. 4. TOF spectra fol;,=4°, not low indexed azimuth electronic structure imaged by STM based on data of the
¢=20°. (a) Clean CuAu(110 surface. (b) Nitrogen-covered mass-sensitive technique NICISS, and derive the positions of
Cu3Au(110 surface. the atomic cores.
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FIG. 6. Model of the nitrogen-covered GAu(110 surface;
a c(2X4) unit cell and the azimuths discussed in the text are
indicated.

row. These dark spots are displaced by one atomic spacing in
neighboring double rows. Based on these results of the Secs.
Il A—IIl C, we propose a model of the surface as schemati-
cally shown in Fig. 6. The model consists of neighboring
copper double rows on top of the gold-rich surface. The cop-
per atoms are not exactly positioned above the copper atom
of the bulk’s second layer: in th@01) direction the copper
distance(b) between the rows in larger than the distafae
within the double rowsin-plane relaxatioy) a kind of “pair-

ing row.” Every second of the twofold-coordinated bridge
positions of these copper rows is occupied by a nitrogen
atom. In neighborhood double rows these positions alternate.
A c(2X4) unit cells is indicated in the figure.

In the following we will support the model by our NICISS
data. The STM data were used to learn about the topography
in the topmost layer; the NICISS data will be used to confirm
the chemical identification of the STM atoms, to determine
distances in the adlayer and positions of additional atoms
above the substrate atoms, and to demonstrate that atom po-
sitions in deeper layers are unaffected by the reconstruction.

E. lon-scattering spectroscopy(NICISS)

A detailed description of the analysis of NICISS scans
can be found in Refs. 20 and 21. A quantitative detailed
analysis of NICISS data is carried out by comparing the edge
slopes of maxima in the experimental NICISS, scans to

FIG. 5. STM images of thec(2x4) N-reconstructed the ones obtained by the simulation programn.?? For the
CuzAu(110 surface exhibiting Cu-N double rowsa) 157152  simulation we use the model in Fig. 6. Parameters are varied
A 2,U=0.16V;I=7nA.(b) 190x178 A% U=0.1V;I=1nA.  until a good agreement with the experimental results is ob-
(c) Atomic resolution image; the displacement between the rows igained. The scans will be explained in the following mostly
indicated; 4429 A, U=1V, andl=1 nA. qualitatively, but the model was also quantitatively con-
firmed.

We begin by comparing the azimuthal scans from the
clean and the N covered surfaces. Figure 7 shows azimuthal
scans after exposure to nitrogen for the copper signal as well

We have thus far established that, under the influence dds for the gold signal. The shaded region repeats the azi-
nitrogen, ac(2X4) reconstruction develops on top of the muthal scan from the clean surface of Fig. 1. Minima for the
gold-rich (110 surface that is mainly due to additional cop- clean surface are indicated by the solid lines. Apart from a
per. The STM images show aligned double rows of brighthigher background, giving evidence of enhanced surface dis-
spots, with dark spots located in the middle of each doublerder, there is hardly a difference between the Au scans ob-

D. Model of the surface structure
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" 001> <llis<li> <lil> T <1105 .In the following, we will discusglfin_ NICISS scans op—
tained after N adsorption based on Fig. 8. We begin with a
qualitative understanding of th#;, scans in three azimuthal
directions(001), (110), and(112). For(001) and(112 the
differences between the scans from the clean and N covered
surfaces are large. We then use the understanding of these
scans as a guide for parameter variation forrthe simula-
tion. The shaded regions represent the scan of the clean sur-
face; the solid line, that taken from the nitrogen covered
surface. The models represent the two or three parallel cuts
in the investigated azimuth perpendicular to the surface that
contributes to the scans. The atoms in {hdlayer are the
additional atoms due to nitrogen adsorption. The other layers
are numbered according to the clean case.
Edge slopes of the maxima in the NICISg, scans are
ley related to trajectories in which most of the measured ions
and/or atoms are focused ¢ealled main trajectorigs They
are determined by two atoms, one acting as a focusing atom,
the other one as a scattering atbh3® From the position of
the steep edges of the maxima in the scans, the relative po-
V\"""’ sitions of pairs of atoms in the surface layers can be inferred.
The steep edges to be discussed in the following are indi-
cated in the scans, and are numbered from left to right. Cor-
responding trajectories are indicated in the models; they hit
the scattering atom at its center, and touch one or more fo-
cusing atoms on the side.
i i . . A A Seen from thg001) azimuth, two Cu distances are ob-
0 20 40 60 80 100 120 servel — a smaller one in the double rows and a larger one
s between the rows. The resultinig;,, scan in{001) for copper
is shown in Fig. 8. The steep edge 2 in the scan appears
FIG. 7. Azimuthal gold and copper sca(lid lines after ex-  for the clean surface aF;,=8°. By nitrogen adsorption the
posure to nitrogen,W;,=4°; the shaded region represents the corresponding maxima splits into three maxima that are not
¢-scan for the clean surface; solid lines indicate the minima for thedistinguishable in the scan, but can be isolated by compari-
clean surface. son to theFAN maxima, becauseAN simulations are made
separately for parallel cuts. The fine line in Figagis the
tained before and after N exposure. However, for the Cuesult of the simulatiordiscussed belowfor cut (3). One of
signal the(111), (112, and(114) azimuths cease to have the maxima lies clearly to the left, and one to the right of the
pronounced minima. In the angular span betwékt?) and ~ cléan-surface maximum. The third maximum stems from the
(111) the intensity is about constant at an intermediate levepnaltered trajectory 2 in cut2). Comparing this to our
between the maxima and minima appearing in this space fd]nodel, the behavior can be understood by the two distances

the clean surface. The minimum formerly(ihl14) is shifted g?‘”dg in thf ?jdgitional Ia_yecr(,a\;vitﬂag oi<b.2Thebrlna>:<imdug1
and is not very deep. Ab=289°, an additional, less deep IS attenuated because in rajectory < IS blocked by

L the additional copper. The changes at higher angles can be
minimum emerges.

) . xplained in a similar way.
¢ HC:W cI:an thls? tl)f l:nfiherstgfd mdterms ?f izhed Su%ﬁeStelg Figure 8b) shows the azimuthal scans of the CL10)
structural modets Frst, the adiayer does not shadow the golgzimuth. In addition to less sharp slopes giving evidence of a
atoms of the former topmost layer; it is similar to the case o

higher surface disorder, there are no changes in the steep
the clean surfac® Due to the structure of the GAu(110 edges ¥, scans for001) and(110) Au were also analyzed.

surface, the atoms of the .se(.:ond layer are hi_t by an ion beafhese scans show also only slight changes with respect to
even at grazing angle of incidence. The similarity of the Authe clean surface scans. These findings are in agreement with
¢ scans before and after nitrogen adsorption is therefore cofhe structural model suggested. They also confirm that the
sistent with our model. The changes in the copper polagtomic positions in the near-surface layers are not affected
scans are caused by the in-plane relaxation of the outwarny the reconstruction.

segregated additional copper atoms. Cu atoms which were Figure &c) shows the situation for the A{L12) azimuth.
arranged along straight lines with short atomic distances iThere the first maximum 1 is much attenuated, and now
azimuthal directions betwegi®01) and(110) are now dis- seems to consist of a couple of peaks. A glance at the surface
placed from these directions. The displacement leads to adnodel (Fig. 6) clarifies the situation. After nitrogen adsorp-
ditional short distances in the double rows around 40° andion the additional copper atoms are located close to the
60° from the(001). These minima are less pronounced be-(112) azimuth, but not exactly in line. lon trajectories are
cause the atomic distances between the double rows asdso affected by atoms that are close to the way of the ion
larger. without lying in the scattering plane. This can result in a

1 1 1 1 1 1

0660 20660 40660 60660 80660 100660 120660
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FIG. 8. Polar scans before and
after exposure to nitrogen and cor-
responding crystal cuts. Shaded
region before, solid lines after ex-
posure to nitrogertfurther details
see text (a) Copper(001) azi-
muth. (b) Copper(110 azimuth.
(b) Gold (112 azimuth.
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deflection of the ions out of the plane considered, and therealso has to be changed. The bulk distance between layers is
fore in an attenuation of the signal. Similarly an enhance-1.33 A . Wevaried the distance of the adlayer above the bulk
ment of the signal by deflection of ions into the plane isbetweenz=0.5 and 2.5 A in steps akz=0.1. The values
possible. Both effects can be seen in #%l2 azimuth. for a good agreement between experimental and computa-
Some of the former trajectories in tHd12) azimuth are tional data so obtained area=(3.3+0.2) A and
attenuated, others become more focu@ the shaded re- z=(0.7+0.2) A .

gion in the model This so-called three-dimensional scatter-

ing has not been simulated in tRaN program version, but

can only be understood qualitatively. We concentrated on IV. SUMMARY
scans which are not massively effected by out-of-plane scat-
tering. In conclusion, we were able to characterize the

A detailed analysis of the relaxation by theN simula-  ¢(2X4)-reconstruction-induced by nitrogen adsorption on
tion can be summarized as follows. The additional peaks ahe Cu;Au(110 surface with the combination of STM and
lower incidence angles in the Q@01) azimuth can be ex- NICISS qualitatively as well as quantitatively. The recon-
plained by the in-plane relaxation of the copper rows, andstruction consists of additional copper double rows in the
provide information on the distance of the atoms in the ad{110) azimuth, with nitrogen atoms in every second bridge
ditional layer. In a series afaN simulations, we varied the position. The nitrogen atoms in neighboring double rows are
distances andb (a+b=7.5 A) and compared the results of shifted by one atomic spacing with respect to one another.
the simulations to the experimental steep edges. The Cu dighe in-plane distance of the double rowsais (3.3+0.2)
tance in(001) in the bulk is 3.5 A . We varied the distance A . Between the double rowb=(4.2+0.2) A , and with
in the double rows betweesn=2.05 and 3.75 A in steps of z=(0.7+0.2) A the distances are much closer to the bulk
Aa=0.1 A . Hereby the height of the adlayer above the bulkcompared to the corresponding bulk interlayer distance.
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