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Atomic origin of the Si core-level photoemission components in th€(2x 2) Si-Cu(110)
surface alloy
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High-resolution synchrotron-radiation photoemission spectroscopy has been used to investigatepthe Si 2
core-level peak of the(2x2) Si-Cu110 surface alloy. In the photoemission spectrum several components
can be clearly distinguished where only one would be expected. In order to know the atomic origin of these
shifted components, we have correlated scanning tunnelling microscope images to photoelectron-diffraction
azimuthal scans on the shifted peaks recorded at the same coverage. From this analysis insights about the
mechanisms of the surface-alloy formation can be mp8@163-182@08)05248-5

I. INTRODUCTION SCLS to atomic features, although not always straightfor-
ward, is of great importance because it allows us to follow
In the last decade the formation of two-dimensiof2d)  surface dynamics and chemisorption processes at the surface

surface alloys has attracted much attention. The possibility dy using photoemission spectroscpy.
forming stable surface phases immiscible in the bulk, char- This paper focuses on the atomic origin of the unexpected
acterized by different physical properties, has opened a new! 2p core-level shifted components observed on the 2D
field of research:2 Most of the known 2D alloys are formed Si-Cu110) alloy. With respect to the Si[2 photoemission
by bimetallic element8.However, it has been recently re- Signal coming from a complete atomic alloy monolafiee.,

ported on the existence of a surface alloy formed by room9-> Si ML), the intensity of the observed additional compo-
temperature deposition of 0.5 Si ML on the (CLO nents is about 10%. This small value indicates that the

shifted components originate from local surface features
without long-range correlation. Up to now this range of
lengths belonged exclusively to the scanning tunneling mi-

%roscope(STM) technique. For this reason, we have also

barrier formatiorf: The geometrical structure of the 2D Si- . R : ' :
. ded STM to identify the diff tt hical
Cu(110 surface alloy has been recently determined by x-ra jocorae Images to identify the different topographica

h | diffracti dql | gif ¥eatures present on the surface. Moreover, x-ray photoelec-
photoelectron diffractiofiXPD) and low-energy electron dif- . gitfraction azimuthal scans on the SCLS components

fraction (LEED) experiments. It consists of_an alternative pave peen recorded to gather information about the local
replacement of the Cu surface atoms of [f€0] rows by  atomic structure of the emitting atoms. By combining both
the deposited Si atoms, forming2X2) superstructure. techniques we will show that the different components of the
The atomic structure is schematically represented in Fig. 1Si 2p photoemission peak can be assigned to different mor-
The Si atoms have been found to be inward relaxed wittphological surface features. The combination of these experi-
respect to the surface Cu atoRms®

In Fig. 1 it can be appreciated that the chemical environ-
ment of the Si atoms in this(2< 2) structure is the same for
all the Si atoms at the surface. Here we show that by means
of high-resolution synchrotron-radiation core-level photo-
emission spectroscopy up to four different components can
be univocally separated in the Sp2hotoemission spectra.
Core-level photoemission spectroscopy is one of the most
important tools to establish relationships between structural
and electronic properties at surfaces. The presence of surface
core-level shiftgSCLS in photoemission spectra can be re-
lated to charge transfer, electronic screening, geometrical
structure, and other basic properties of the electronic
structure’® The combination of high-resolution spec-
troscopies with the very high flux and resolving power of the  FiG. 1. Schematic representation of the structural model for the
third-generation synchrotron-light sources is of utmost im-c(2x2) Si/Cu110) surface alloy indicating the unit cell and main-
portance to highlight the presence of previously unresolvedurface directions(@) Top view, (b) side view. Filled circles repre-
or unexpected SCLS components. The correct ascription afent Si atoms, and empty circles Cu atoms.

surface® This is the first atomically resolved semiconductor-
on-metal interface and, therefore, it may be of great impor
tance in testing the fundamental properties of the Schottk
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previous studie$?'314 Thus, the spectra of Fig. 2 can be
separated into components consisting of spin-orbit doublets,

-‘2 g ] Sil, Si2, Si3, and Si4, which are shown at the bottom of
= — — every spectrum. The overall fit is represented by the solid
'g g E line overlapping the data points. Both Gaussian and Lorent-
=T ] zian widths of the main component were set at 70 meV for
%‘ - S the low-temperature spectrum. The Gaussian-width value of
g hv= 190 eV ] the Si2-Si4 components was around 130 meV. For the
=

T
w
=]
=]
A

_— room-temperature spectrum, the best fit was obtained using a
T Gaussian width of 85 meV for the main component Sil, 140
98 99 100 101 meV for Si2 and Si3, and 170 meV for Si4. It is worthy to
Binding Energy (eV) remark that several different combinations have been tried
and the final result does not depend on the fitting parameters

i ithi 0, I im-
X2) Si/Cu110 surface alloy recorded at 120 and 300 K. The by changing the parameters within 20%. The fit was im

curves at the bottom of every spectrum represent the different Conpr_oveq by including an _asymme_try f;f‘thzo'_07 in the
ponents, Sil, Si2, Si3, and Si4. The overall fit is represented by th i1-Si3 components. Th'lSS va!ug 1S twu;e as h'9h as the one
solid line overlapping the experimental data points. reported for Cu &=0.03) . This is consistent with the fact

that the density of states at the Fermi energy doubles on the

mental techniques will provide us with valuable information Surface 6_1”0}’1-6 _

about the atomic mechanisms responsible for the formation The binding energy of the Si2level measured from a
of the surface alloy. It will be shown that for this particular Si(111) crystal(bulk peali in our experimental configuration
case, the atomic structure of the interface is mainly deterlS 99.8 eV. The main peak Sil of ttg2x2) appears at
mined by the surface diffusion on the terraces, which domi98-75 eV. In spite of the fact that the band-bending effects

nates over the chemical interaction between elements of @n change the SifZbinding energy, one could be tempted
different nature(i.e., metal and semiconducjor to argue that there is a charge transfer in the 2D alloy from

the Cu to the Si atoms. However, small electronegativity
differences, as is the case for Si and Cu, may not correctly
predict the direction of the charge tran§f&r and extra
The CW110 substrate was prepared by repeated cycles ofitomic-relaxation effects should be taken into account. Par-
ion bombardment and annealing to 550 °C. After the cyclesticularly, core-level shifts of about 5 eV induced by screen-
the surface exhibits a characteristic{1) sharp LEED pat- ing have been theoretically predicted for a Si adatom on a
tern. X-ray photoemission spectrosco§PS) confirmed the  high-density metal surfacgelium).'” '8 Additionally, a 0.4-
absence of O, C, and S impurities at the surface prior anéV shift in the Si 2 peak from a metallic Ergi; exclusively
after Si deposition. Si was evaporatat situ by using an  induced by extra-atomic effects has been repoiethere-
electron bombardment evaporator, previously calibrated by &re, the core-level shifts are not adequate on their own for
guartz crystal. 1 ML is consider to be the number of Cuextracting insights about charge transfer upon alloying, and
atoms present at tHeL 10] rows. then additipnal 'techniques should be employed. The CLS
STM images were recorded using a commercial OM|-Petween Sil-Si4 components should then account for the

CRON STM microscope. LEED patterns were used to checilifferent chemical environment of the emitting Si atoms,
for the presence of the(2x 2) structure. The photoemission which change the electronic screening of the photoemission
spectra were acquired at the Super-ESCA beam line at tHole. , .

ELETTRA laboratory(Trieste, Italy.! The overall energy The high-energy resolution of the spectra in Fig. 2 allows
resolution(beam lineranalyzer) was estimated to be around Meéasuring XPD azimuthal scans for each component of the
70 meV at 178 eV of photon energy and at 100 K of sub-Si 2p spectrum. Thus, 'Fhe Iocgl environment of _the emitting
strate temperature. The XPD scans were measured at fixel atoms can be examined. Figure 3 shows azimuthal scans
photon energy and scanning the emission angle. The angulsgcorded at a polar angle of 72° with respect to the surface
error in the sample goniometer was less than 1°. The xprormal. The curves reported in Fig. 3 correspond to the total
data represented in Fig. 3 are obtained by integrating the $jhotoemission intensity anisotropy of every component.

2p XPS peak recorded at room temperature. The anisotropy is defined as= (1 —1,)/Iy Wherel, andl y
are the minimum and maximum photoemission intensity of

the main component Sil, respectively. The curves in Fig.
3(a) correspond to a scan around fi#®1] surface direction
Figure 2 shows the Sif2core-level photoemission spec- at a kinetic energy of 90 eV, while those shown in Fi¢)3
trum of thec(2x 2) surface alloy at 100 Kupper curvgéand  are around thg110] direction at a kinetic energy of 295 eV.
the same spectrum recorded at room temperaflower  Analogous scans have been obtained for different kinetic en-
curve). By a visual inspection of the low-temperature spec-ergies.
trum, without any further decomposition, four different com- It is evident that Sil and Si2 components show XPD os-
ponents with their corresponding spin-orbit contribution cancillations, while components Si3 and Si4 do not. The XPD
be observed. These components are indicated and labeledgéarves of the main component Sil has been previously used
Fig. 2 by a thin line. The relevant parameters for the decomto find out the atomic structure of this 2D alldyin that
position of the Si ® core-level peak are well known from earlier work the atomic structure of the surface alloy was

FIG. 2. Sid core-level photoemission spectrum of thé2

Il. EXPERIMENTAL DETAILS

IIl. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 3. XPD azimuthal scans of the different components of the
spectra of Fig. 1. Polar angle set at 72°. The arrows indicate the
position of the first order of interference inferred from a SSC cal-
culation for the accepted surface-alloy modg). Azimuthal scan
around the[001] direction at 295 eV of kinetic energyb) Azi- L .
muthal scaa ar(])und tr[eIO] direction at 90 eV of kinggc)energy FIG. 4. STM topographic images. Arrows indicate {ELO]

* surface direction. Especial features as clust@sand islands(l)

. . . are indicated by thin arrowga) Scanned area 2062000 A2,
inferred by comparlng XPD scgns recorded at dlffere'nt pho-(b) Image showing atomic resolution obtained on terraces and is-
ton energies with single scattering clust86Q and multiple | 1o of(a). Thec(2x 2) unit cell is indicated.

scattering calculations, and the component Sil was assigned1

to the Si involved in thee(2X2) structure. Conversely, the . o .
smaller Si2, Si3, and Si4 components, resolved here in thBe induced by small deviations in the background substra-

not have a straight assignment. main peak. _ _ _
In the XPD process, the angular position of the interfer- For further understanding, topographic STM images have

ence peak of the first order with respect to the forwardeen recorded for a Si coverage of 0.5 ML, i.e., when the
scattering direction depends on the distance between the Sgrface alloy layer is completed and 2 < 2) spots of the
emitting atom and the neighboring atom along thisLEED pattern are sharpest. Figuré@yshows a top view of
direction?® We have calculated the angular position of thisd@ STM topographic image of the(2x2) Si-Cu110 2D
maximum of interference for the surface atomic model of thealloy. The scanned area is 2008. &igure 4b) is an atomic-
Si-Cu110) surface alloy using a SSC formalisfsee Ref. 5 resolved STM image recorded on the terraces visible in Fig.
for details about the calculation procedur@he results of 4(@). The c(2X2) unit cell has been drawn superimposed
this calculation are indicated in Fig. 3 by arrows. As ex-and the surface directions refer to the(C10 1X1 clean
pected, the position of the arrows is symmetrical to the mairsurface. In Fig. &), a monoatomic fingered step is seen
surface directions and depends on the kinetic energy anparallel to the edge of the image corresponding tof )]
surface direction. The angular position of the interferencesurface direction. The height of this step is about 1.2 A,
peaks for the components Sil and Si2 is the same, indicatinghich approximately corresponds to the vertical distance be-
that the local atomic environment of the Si emitting atomstween two C@110) planes(within the intrinsic 15% incerti-
should be similar. Therefore, the atomic structure of Si2 attude in STM distance estimatip/ Three species of topo-
oms should be the same as Sil. The Si3 and Si4 componerggaphic features can be observed on top of ¢igXx2)

do not present anisotropy for XPD azimuthal scans recordeterraces: islandglabeled as “I” on the imagg clusters

at very grazing-emission angl€g2°). This could indicate a (marked with a “C”), and steps. To our knowledge, this
lack of local order and/or that the emitting atom is not placedkind of surface morphology has not been observed previ-
on the surface. Small oscillations of the Si4 signal can beusly in any other surface alloys studied by S¥W% sug-
observed in Fig. @). This component is further away with gesting that the formation mechanism of this particular sur-
respect to the main component Sil. These variations coulthce alloy could be new’ Averaging over several images
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wards a step along an atomic row could meet a Si atom,
which is also diffusing along the same row looking for an
available Cu site to exchange the position. When these two
atoms meet, they form a nucleus that anchors other Si and
Cu atoms forming an island [lsee Fig. 4a)]. This second
process is illustrated in Fig.(B). In this model thec(2

X 2) structure should be underneath the islands.

Taking into account the above morphological description
of the surface offered by the STM, the different components
of the XPS peak can be assigned to the different topographic
features. The main Si 2 peak Sil is unambiguously as-

FIG. 5. Schematic illustration of the alloy-formation mecha- Signed to thec(2x2) terraces of Fig. @), and its atomic
nism. (a) Ideal process(b) suggested process. arrangement corresponds to tbE2x2) structure observed

in Fig. 4(b). As discussed previously, the local atomic envi-
recorded at different surface locations, we estimate that thPment of the Si atoms associated to the Si2 component of
islands cover around (84)% of the surface. Moreover, (N€ XPS Si 2 core level should be the same as for Sil, i.e.,
atomic-resolution images recorded on top of the islands refN€ corresponding Si atoms should also form(2x 2) su-
veal the presence of &2x 2) surface atomic arrangement perstructure. Therefore, the Si2 component can be assigned

P ; to the Si alloy present in the islands However, there is
similar to that found on the terracébig. 4(b)]. Thus, one . . ; .
can rule out the possibility of Cu islands formation along thealloy also undernea}th the |slanﬂég. 5("’.‘)]' These buried Si
descending step edge, as has been observed f oms present a different atomic environment, and so they

Mn/Cu(100) 2423 will contribute to the photoemission spectrum as a shifted

Additionally, the small cluster¢C) are homogeneously peak. The fact that these_atoms are embedded in the second
distributed on the surface and they have a minimum heigh@€r would be reflected in the XPD spectra as absence of
anisotropy for high-emission angles. Therefore, the buried Si

of 4 A. This value, however, may be affected by local elec- d h the island b ianed to the Si3
tronic effects and does not reflect the real topographic heigttoms underneath the islands can be assigned to the SI3 com-

of the clusters. These clusters are probably formed by extrBonent of the XPS spectrum. This model accounts for the
Si atoms deposited on top of the saturatd@x2) alloy presence _of phptqelectron-dlffractlon forward-scattering
terraces. Interestingly, clusters can be observed mainly at tH%eakS at E!gh-emlsfsg)nf a3ng|es as recently repdred the
island edge, indicating that the diffusing Si atoms along the"oW on ~1g. 13 or Ret. . -
terraces are anchored at these points. The atomic assignment of the component Si4 is now

It is also important to remark that most of the islands ancf:lear. Si4 does not show photoelectron diffraction anisotropy

d | d al a0 ; directi in the azimuthal scans of Fig. 3. Moreover, this component
step edges are elongated along {th40] surface direction. . increases importantly with coveragdata not showndomi-

The atomic structure of the surface alloy consists of atom"hating the Si D XPS spectrum for a coverage higher than 2
rows aligned along this direction. The fact that islands arg, while the Sil—Si3 components result attenuated. How-

exclusively elongated along this direction suggest a pr(Eferéver, Si1-Si3 keep constant their relative spectral intensity

e_ntial_alignment, V.VhiCh could be originat_ed by an anisotropicr tios with increasing Si coverage. All these findings suggest
diffusion mechanism. Rounded shape islands are expectefl-: sis is associated to the Si clusters C of Fig) 4

for similar diffusion coefficients along the main-surface di- It has been proved that a high density of states at the
“TIC“OZQS’ as it Ihasﬁbegn sh.?lv;n for tplef Mn&ﬂ]f)) sur;‘]ace Fermi energy makes electronic screening to be more
alloy.™ Probably diffusion will be much faster along the sur- efficient® Thec(2x 2) surface alloy has a higher density of

face[110] rows than across them. A similar behavior hasstates at the Fermi level than the clean(T9) surfacet®
been reported previously for Si diffusion on(80.%* The  Thus, the core-level shift induced by final-state effects will
presence of elongated islands and fingered steps along th@ stronger for the Si at the surface alloy than for Si clusters.
[110] direction suggests that mass transport by surface difTherefore, the above assignments make sense also from the
fusion is the atomic mechanism responsible for the complepoint of view of the relative binding energy of each compo-
tion of this surface alloy. This scenario is schematically repnent. Si4 corresponds to Si-Si clusters, i.e., Si atoms sur-
resented in Fig. 5. First, Si atoms reach the surface and theounded by Si atoms, and its binding energy is closer to that
diffuse along the surface rows until they get incorporatedexpected for a bulk Si sample. Si2 and Si3 components cor-
into the surface, replacing a Cu atom. Then, the ejected Cresponding to Si atoms surrounded by Si and Cu atoms
atom diffuses on the surface along the surface rows until ishould shift to lower binding energy with respect to Si4 due
finds a step edge. This process is sketched in K&. $his  to a more efficient extra atomic screening. Finally, the Sil
could be the reason for the observed fingered shape at tlwmponent corresponds to Si atoms embedded in a metallic
steps. This diffusion mechanism takes place on the terrac&u matrix and, therefore, their Sip2photoemission peak
rather than by vacancies, as it has been reported for the foshould be at the lowest binding energy because of the metal-
mation of the Mn-C(100) surface alloy’'*3 However, for lic screening®®
the Mn-Cy100 surface alloy, step and island size are inde- In conclusion, the final morphology of the(2x2) Si/
pendent of the orientation of the substrate steps, while thi€u(110) surface alloy presents islands and Si clusters that are
has not been observed in our case. reflected in the Si @ photoemission spectrum as small-
In addition to the previously described mechanism, thereshifted components from the main peak. The islands present
could be another one. An ejected Cu adatom diffusing tothe same atomic structure of the surface alloy, and they have
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