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Role of Si adatoms in the Si111)-Au(5x% 2) quasi-one-dimensional system
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The unoccupied electronic states of th¢1$il)-Au(5x2) system have been studied, using inverse photo-
emission. Striking similarities exist between the unoccupied bands of thé1pAu(5X2) system and the
Si(111)-(7x7) and S{111)-Au(y3X \3)R30° systems. We argue that these similarities suggest that the
Si(111)-Au(5Xx 2) system contains Si adatoms, and that the adatom-induced surface states dominate both the
inverse photoemission and photoemission spectra in the vicinity of the Fermi level. If this suggestion is correct,
it means that the bands crossing the Fermi level may not be derived from the overlap of Au wave functions.
The Au atoms may actually inhibit the formation of a Si adatom-induced band in the direction perpendicular
to the Au chains[S0163-182807)04023-X]

INTRODUCTION fixed. The overall energy resolution of this system was esti-
mated to be 0.6 eV full width at half maximum from the
Recent photoemission studies of quasi-one-dimensiondtermi level emission onset of sputtered polycrystalline Ta,
systems, in their metallic phase, have demonstrated that thetsing the method described by Dose to extract the instrument
is vanishing emission intensity in the vicinity of the Fermi pass functiort! The overall momentum resolution of the sys-
level1=®This is in contrast to the behavior of two- and three-tem is both energy and angle dependent and has been esti-
dimensional metals, where well-defined Fermi edges are

observed. Although the studies mentioned above have been 5x2 unit cell 1x1 unit cell
performed on bulk quasi-one-dimensional systems, it is also ‘g‘ 0 o O ® O o O ® Q 080
possible to fabricate quasi-one-dimensional, chainlike sys- o . ' ‘ C o )

S Cal@e O e}

tems on surfaces. One example is thél$1)-Au(5X2)

systenf’ (Fig. 1). Although the details of this surface struc- o) 5° @
ture are still being worked out, it appears that the interchain ® o @a o0
spacing is signéﬁcantly larger than the interatomic spacing ® ® O

along the chainsSo, at least from a structural point of view, 0 O, 0
the ordering of the Au atoms, on the Si surface, is quasi-one- g ®\0 09 g g :
dimensional. In agreement with bulk quasi-one-dimensional ...Q ... Q.@.O.

systems, photoemission studies have found evidence for a
strong anisotropy in the band dispersion. However, in con-

trast, they have observed a well-defined Fermi édghis © © © @ © ® © @ © ® @ © @® ©

difference in electronic properties begs the question, do bulk 0 o) ©)

and surface quasi-one-dimensional metals belong to the same _‘.’ Q.‘ Q.. ...

physical class? "0 900 °0°0@°®°
To investigate these questions further, we have performed 000 .0 04500 a0

inverse photoemission studies of th¢13i1)-Au(5X 2) sys- @ .‘.. ... ® .ﬂ'@.0

tem. We have paid particular attention to the region in the @'Q © ..Q © Q'Q © ..

vicinity of the Fermi level, in an attempt to detect the Fermi
edge, and the surface band identified in the photoemission
studie§ which crosses the Fermi level.
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FIG. 1. The Si111)-Au(5X2) structure proposed by Bauer in-
des chains of Au atoms, which are common to many other mod-

EXPERIMENT

The experiments were performed ingametal ultrahigh
vacuum chamber with a base pressure &f1D ! torr. The
inverse photoemission apparatus consists of a low-energy|,
electron gun of the E.r('dman-lef des'amnd a bandpa?? els. The figure is included to define the crystallographic directions
photon detector that utilizes a CuBe mesh electron multipli€feferenced in the text. In addition to the structure shown, Bauer also
(Johnston Laboratories MMand a Cak entrance window  syggests that there are extra gold atoms on top of the chain rows,
as described by Scfex et al® In contrast to ScHar etal.  which increase the coverage from 0.4 to 0.45 ML. The spacing
we evaporated KCI onto the first dynode, to act as the phopetween these extra atoms is2n bulk lattice constants along the
toemissive material. Angular dispersion is achieved by rotatehains, whera is a positive integer. The two parallelograms are the
ing the electron gun while the sample and detector remainblique 5x 2 and 1X 1 unit cells.
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mated to be between 0.1 and 0.2 Afor the energies and
angles in this study. A Princeton Research Instruments RVL
8-120 reverse view low-energy electron diffractiQrEED)
system was used for sample alignment and surface charac-
terization.

The rotational symmetry of the diamond crystal structure
about thg111] axis defines three equivalenx® domains.
However, it has been demonstrated that a single domain
sample can be prepared using a vicinal surf&cghe inten-
tional vicinal miscut breaks the threefold degeneracy and fa-
vors the nucleation of a single domain, specifically that with
Au chains parallel to the surface steps.

The samples used in this experiment were cut from vici-

nal S(111) wafers, miscut by 4 0.5° towardg 112]. All of

the samples wer@ type, with resistivities of~5 € cm.
The overlayers were preparédsitu by direct current heat-
ing of the sample and deposition of Au from a Knudsen cell

evaporator. All currents were applied in th& 12] (uphill)
direction to avoid step bunching on the surfa¢& clean,
well-ordered Sil111) surface was prepared by flashing the Si
sample to~1100 °C. The sample was heated~®50 °C
during the Au deposition. The quantity of Au deposited was
calibrated using a quartz crystal rate meter. Coverages were
measured by timed exposures to be between 0.40 and 0.45
ML, where 1 ML is defined to be the number of silicon
atoms per unit area in the top layer of an ideally terminated
Si(111) plane, 7.8% 10" cm™2. The pressure during evapo-
ration typically remained below % 10°° torr. LEED was
used to determine the sample orientation and surface quality
and to verify the presence of a single domain. _FIG. 2. (@ The_t_op panel shows a typical>_<77 LEED pattern
Inverse _photoemission spectra were recorded alon§nior to Au er05|t|on.(b) The bottom panel is an examplg of.a
the[110]-[110] azimuth, parallel to the Au chains, and along Single-domain S111-Au(5x2) LEED pattern. The sample is ori-
the [112]-{112] azimuth, perpendicular to the chains. These€nted such that thgl12] direction is pointing upward. In bpth
directions were chosen so that the present study would prc?_as_es, the energy of the electrons is 80 eV. The Au chains are
vide complementary information to that of the previous pho-"°"zontal.
toemission stud§.Great care was exercised to ensure align-
ment of the[111] axis of the sample, which differs by 4° )
from the sample normal due to the vicinal miscut. It was Examples of the spectra collected perpendicular to the
found that the surface quality degraded as either a function dihains are included in Fig. 3. There are three distinct fea-
time, or by exposure to the electron beam. The quality of thdures, two of which overlap near the zone center. The feature
LEED images was noticeably inferior after the collection of S€en at=2.7 eV above the Fermi level at normal incidence is
three inverse photoemission Spectra. For this reason, tr@“evgd to C.OI']SISt of two State$: one that eXh|b|tS no deteCt—.
sample was annealed at 650 °C for 2 min after the collectiofPle dispersion, and one that disperses away from the Fermi
of every second inverse spectrum. The pressure during tHevel reaching 3.5 eV at 15° off normal. The third feature
collection of inverse photoemission data and annealing reoccurs at 4.5 eV above the Fermi level at normal incidence,
mained below X 10~ ° torr. The spectra presented are rep-and disperses sharply upward, reaching 5.5 eV at 10°. In
of the spectra and the peak positions were found to be repr@PVious, feature that appears less than 1 eV above the Fermi

ducible from sample to sample. level, although the exact energy position is difficult to deter-
mine as it only appears as a shoulder on the much stronger
RESULTS 2.7 eV peak. This shoulder is visible at virtually every angle

along both azimuths studied. At no point is there any evi-
The sample flashing process described in the previoudence of a state crossing the Fermi level. Possible origins of
section reliably produced a sharx7 pattern, as shown in the observed features will be discussed in the following sec-
Fig. 2@. The splitting of the X 1 spots, visible at LEED tion.
energies around 40 eV, was taken as evidence of an evenly Spectra collected along the chains are shown in Fig. 4.
spaced step/terrace structure on the vicinal surface. After Alihe states seen in this direction are very similar to those seen
deposition, the LEED patterns consisted of a well-definecperpendicular to the chains. Two states appear to overlap
5X 1 pattern, with diffuse half-order streakSig. 2(b)]. The  near the zone center, one with negligible dispersion and the
weakness of the half-order intensities has been attributed to@her dispersing upwards with increasing angles. A third fea-
lack of registry between well-ordered neighboring ch&itfs. ture is visible at 4.5 eV at normal incidence, which disperses
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FIG. 3. Inverse photoemission spectra collected with the projec- FIG. 4. Inverse photoemission spectra collected with the projec-
tion of the electron wave vector onto the surface lying perpendicution of the electron wave vector onto the surface lying parallel to
lar to the Au chains. The positive numbers on the right are angleghe Au chains. The positive numbers on the right are angles, in
in degrees, towar@]_l?} Negative angles are towafd12]. The degrees, towarfiL10]. Negative angles are towaf#i10]. The num-
numbers in parentheses are the components of the electron wabers in parentheses are the components of the electron wave vector
vector parallel to the surface in & calculated aEq+2.7 eV. The  Parallel to the surface in A calculated aE¢+2.7 eV. The zone
zone boundary is reached at a wave vector of 0.142 AThe top ~ boundary is reached at a wave vector of 0.409'AThe top spec-

spectrum shows the position of the Fermi level on sputtered polylrlum shows the position of the Fermi level on sputtered polycrys-
crystalline tantalum in electrical contact with the sample. Tick talline tantalum in electrical contact with the sample. Tick marks

marks are provided as a guide to the eye. are provided as a guide to the eye.

The binding energy of th&J, state and the time depen-
ﬁce of the state intensity implies the presence of Si ada-
toms in the 5<2 structure. If this suggestion is correct then
the fact that thdJ, state has the same intensity in both sys-
tems suggests that the Si adatom density is comparable. On
average, each>$2 unit cell would require~2.4 Si adatoms

It is informative to first compare the normal incidence to have the same number as th& 7 structure(12 in the
spectra of the $111)-Au(5%2) and clean $1L11)-(7X7) 7X7 cell). Although not all of the structures that have been
surfaces as shown in Fig. 5. The state labélgdappears at proposed so far include Si adatoms, there is a model that
the same energy and, when the spectra are normalized to tlees and the Si adatom density is comparable to the density
incident electron flux, with the same intensity on both thewe extract from our spectra. Marks and Plapsopose a
clean and Au reconstructed surfaces. On the clea Bur-  Structure that requires one Si adatom per unit cell and sug-
face, this state has been shown to be spatially localized ogests that additional adatoms may be present.
the Si adatort? and it is thought to be a surface state thatis The remaining features of Fig. 5 bear a strong resem-
derived from the interaction of Si adatoms, which sit in theblance to the features seen on(13il)-Au(+/3x /3)R30°.

T, sites, with the dangling bond orbitals of the substfdté®  The states labeletl andB have been previously identified as

Furthermore, théJ, state on the % 2 surface is strongly bulk transitions® The bulk transitiorB looks sharper on the
attenuated after approximately one day in ultrahigh vacuumSi(111)-Au(\/3x /3)R30° surface than on the cleanx7
where the predominant residual gas is hydrogen. The othesurface, as it does here. This sharpening has been previously
features remain unaffected. The sensitivityfto contami-  attributed to a reduction in umklapp scattering by surface
nation is similar to that of the adatom state on the7  reciprocal lattice vectors compared to the clean surface.
surfacet’ The state labeledJ, appears very similar to a state that

sharply upward with increasing angles. The shoulder aroun
1 eV is again seen, and there is no evidence of states crossi
the Fermi level.

DISCUSSION
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i " " " Therefore, the picture we are developing here, that the near
U, Fermi-level states are adatom derived, seems consistent with

existing studies of the X7 systemt®17:15

However, we still have one major problem to resolve.
Why does the surface band on the'3 system possess a
well-defined Fermi edge? Does this mean that the system is
not truly one dimensional? The lack of dispersion of the
occupied surface band perpendicular to the chains clearly
indicates that the system is one dimensional. We believe the
f answer to this paradox will be resolved with high-resolution
[ ~— Si(111)-(7x7) photoemission studies of the Fermi-level region. We note
f — Si(111)-Au(5x2) that an early study of the bulk quasi-one-dimensional mate-
f rial K,3sM00O5 found evidence for a well-defined Fermi
edge??> However, more recent studies, performed at consid-
erably higher-energy resolution<(20 meV compared with
k=0 150 meVj conclusively demonstrated that the system had
vanishing emission intensity at the Fermi leYalhe photo-
emission study of the 82 system was performed with an
energy resolution of 125 me¥/This is insufficient to unam-
biguously determine whether there is a well-defined Fermi
edge or not. High-resolution photoemission studies of this
interesting system are in order.

Intensity/incident electron

0 2 4 6 8
Energy Above E_(eV)

FIG. 5. Comparison of clean @i11)-(7x7) and S{111)-
Au(5x2) spectra at normal incidence. FeatWg is thought to CONCLUSION
arise from Si adatoms. Note that the normalized intensity pfis
the same for both the @i11)-(7Xx7) and the Sil11)-Au(5X%2)
systems, indicating a comparable surface adatom density.

The unoccupied states of the(BL1)-Au(5X2) system
have been studied with inverse photoemission. It was found
that the inverse photoemission spectra possessed a feature
with a binding energy, intensity, and sensitivity to contami-
nation that are similar to the adatom-induced feature on the
Si(11D)-(7x7) surface. We have explored the possibility
that this feature¢,), and also the uppermost occupied sur-

If the U, band on the X2 surface does arise from Si face band §,), arise from the overlap of the Si adatoms with

adatoms, then this has important implications for the way w - : . .
think about the electronic structure of this system. On th:danglmg bond orbitals of the substrate. In this scenario, the

. . one-dimensional behavior that has been observed in a previ-
Si(7x7) surface both the unoccupiédh band and the oc- ous photoemission studywould arise from the anisotropic

Cl;p.'e.(tj.sl dbanqt h?ve ?eenlstﬂown to klje ?(:%tlr%m dden:/edq. BOtI?iistribution of adatoms on the surface and not from the
ab nitio density functional theory calculationsand Studies - ., 4injive distribution of Au atoms. In fact, it is possible that

of the surface using scanning. tl_mnelmg MICTOSCOPY e Ay chains may inhibit the formation of a Si adatom band
spectroscopy have made this association. Consequently, th erpendicular to the Au chains

Oﬁgl:g;?. %J?r]fﬁ]ce nb;ng : tehafltor:a;?]e t())ei\nl Stgfﬁi AW't We have also argued, using the historical precedent of the
P 1SS ay rise ir veriap u K 3M0O3 system, that it is too early to conclusively state

wave functions. The Au atoms may actually inhibit the OVer-y o+ there is a well-defined Eermi edge for the Ax(E)

lap of Si adatoms in the direction perpendicular to the Au oo .
: X . ystem. The photoemission studies have to be performed at
\(/:vri]gtlﬁs,o?ntiethlz dr;]t?));nt]ii\cljictzg %f;i(gs()f gzdutﬁlgg t:ssit?gr?ggigniﬁcantly higher-energy resolution. Since the adatoms in-

: q feract strongly with the substrat®jt will be interesting to

(rjér;;ents)lé!)r;a:ebseijr;ta:)/lfotrh?atrgsjntéiecr:f ?ﬁ;izeghgﬁg only indee whether the valence band emission possesses one- or
y P ' two-dimensional character.

Photoemission studies of thex77 systeri' have identi-
fied a relatively flat surface band that is believed to extend
above the Fermi level. This metallic state is responsible for
pinning the Fermi level~0.7 eV above the bulk valence-  The authors gratefully acknowledge the technical assis-
band maximunt® The dispersion of this band is not unlike tance of J. Thompson in machining the inverse photoemis-
the dispersion observed so far o 2. Furthermore, inverse sion and sample manipulation apparatus. We would also like
photoemission studies of thex77 system have failed to see to thank H. Tran of the National Research Council of Canada
this metallic state emerge as a peak above the Fermi leveipr offering her time to dice our samples. This work was
although metallic tails are observ&dThis is completely supported by the Natural Sciences and Engineering Research
analogous with the behavior we observe on the2ssystem.  Council of Canada.

arises from Si-Au bonding on @i11)-Au(/3x v3)R30° 2°
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