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Structural and electronic properties of thallium overlayers on the S{111)-7X7 surface
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We have investigated atomic arrangements and their electronic properties of the well-ordered thallium
overlayer structures formed on the(Hi1)-7x 7 surface. As for other trivalent atoms, Tl is found to form a
well-definedy3x /3 surface, indicating the absence of a so-called “inert pair effect” considered only for TI.
Another well ordered X1 surface at 1.0 monolayer appears to be semiconducting in our angle-resolved
photoemission spectra dominated by a unique dispersive surface band near the Fermi level. Our theoretical
calculations using density-functional theory show that Tl adatoms occupi ttstes and saturate all the
dangling bonds of surface Si atoms to make the surface semiconducting with a band gap of 0.34 eV. The filled
surface band observed has been well reproduced in our band calculations.
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The interaction of group Il elements with Si surfaces hasfor the atomic structures and their electronic properties of the
been extensively studied mainly because of their technologierdered TI overlayer structures focussed especially on the
cal relevance as dopant materials and the presence of varioli§Si(111)-1X 1 surface. We have determined surface bands
adsorbate-induced phenomena at semiconductor suffacesf the 1x 1 irreducible surface Brillouin zZonéSB2) from
The adsorption of thalliungTl) on the S{111)-7 X 7 surface, our angle-resolved photoemission spectroscépRPES
in particular, is interesting since Tl has been known to be-measurements. The surface bands and the atomic structure of
have quite differently from other group IIl elements in form- the TI/S(111)-1x 1 surface have been well reproduced in
ing stable ordered surface structufehe only ordered struc- our theoretical calculations using the density functional
ture formed by Tl has been reported to be &1l surface theory(DFT). We further show that there exists a stable well-
[hereafter denoted as a TI(S11)-1x1 surfacé at 1.0 defined 3x /3 structure as observed for other group llI
monolaye(ML) in sharp contrast with a variety of different elements. Our calculations also show that Thesite is the
structures found for other group Il elements such as Al andnost stable for Tl on the TI/8111)-1X 1 surface in sharp
In.t The absence of other ordered structures by Tl has beetontrast to previous studiés?
considered to exhibit a so-called “inert pair effect” of a TI ~ We have utilized a combination of several surface probing
atom where the & electrons are assumed to be inactive intools including low energy electron diffractiofLEED),
chemical bonding with Si atoms. Tl, therefore, has beerx-ray photoemission spectroscop¥PS), and ARPES to in-
thought to act as a monovalent rather than trivalent atom owmestigate structural and electronic properties of the ordered
the S{111) surface in a sense chemically close to the alkaliTl overlayer structures on the (3iL1)-7X 7 surface.
metals or novel metafsBecause of the large atomic radius The S{11l) sample was prepared by cutting a
and the effectively monovalent character of Tl, the on-topphosphorus-doped Si wafer with resistivity 2 () cm into
site T, directly above the Si first layer of the unreconstructeda ribbon shape of an area of ¥8 mn?. The sample was
1x1 surface has been preferred as the binding site for Tl ogleaned by resistively heating up to 1100 °C for about 10
the S{111) surface®* In addition to the presence of interest- seconds followed by annealing at 700°C for about 5 min-
ing structures such as the superlattice of metallic nanodots ates. The Sil11) surface thus prepared produces a well-
low coverage~0.2 ML® and the rotational epitaxy of an defined 7x 7 LEED pattern with no detectable signals of the
incommensurate Tl metallic overlaytthe extremely inert core level peaks of carbon or oxygen atoms in our XPS spec-
nature of the TI/SiLl11)-1X 1 surface is another reason why tra. Deposition of Tl was made by flowing current through
it is so interesting since it may serve as a stable substrathe tungsten filamentg~0.025 mm) wrapped around a Tl
surface to form other atomic structures. rod (¢~1.6 mm). The sample was kept at 300 °C with pres-

In this Brief Report we report results of combined studiessure below 3 10~ ° Torr during the deposition of TI. The Tl
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the plane wave cutoff energy of 40 Ry yielded good conver-
gence of structural energy differences.

Figure ¥a) shows the well-known X7 LEED pattern
obtained from the clean @ill) surface at room temperature.
With the adsorption of TI, two ordered surfaces\&x /3
and 1X1 structures appear as presented in Figb) and
1(c) at Tl coverages of 1/3 ML and 1.0 ML, respectively.
These surfaces are well ordered as indicated by the remark-
ably dark background. The presence of tf&x /3 surface
observed for the first time in this work is in sharp contrast

(d) 1] with previous studies reporting thexil surface as the only
K/' ordered TI overlayer structure on the(®il) surface. Our
- B observation of the/3x /3 structure therefore challenges all
M — [21]]

the previous claim of considering Tl as an exception among
the group Il elements exhibiting a so-called “inert pair
effect.”>~*In other words, Tl is just one of typical group IlI
elements including Al, Ga, and In that form\@8x /3 or-
dered structure at 1/3 ML on the($11)-7X 7 surface.

FIG. 1. Progressive development of LEED patterns with the . In order to identify the binding sites for Tl on the Tl/
adsorption of TI. The clean @il1)-7x7 (a) becomes a/3x \3 Si(111)-1x1 su_rface at 1.0 ML,_ we have perfo_rmgd to_tal
structure(b) at 1/3 ML, which further develops into axil struc- ~ €Nergy calculations for three high-symmetry binding sites
ture (c) at 1.0 ML. The LEED beam energy was 101 eV. The sur- 11, Hs, andT, depicted in Fig. £a). Interestingly, we find
face Brillouin zone(SBZ) for the TUSi(111)-1x 1 structure(d) is  that the sitesT, and Hz are more stable than the silg
drawn with thin lines while the irreducible part of the SBZ is de- Which was suggested as the most stable site by Rataat
picted by thick lines. throughab initio Hartree—Fock cluster calculatiohdviore-
over the fourfoldT, site turns out to be slightly more stable
rghan the threefoldH; site by 0.1 eV. TheT, site as the
binding site for the TI/Si111)-1X 1 surface is further fa-
yored by the LEED (V) analysis® Detailed bonding geom-

SBZ for TI/Si(111)-1x1

coverage was estimated by measuring a work functio
change as a function of Tl exposugeot shown herg By

normalizing the saturation coverage of Tl as 1.0 monolayeetry with TI atoms at theT, sites is depicted in Fig. (B)

(ML), we estimate 1/3 ML for the/3x /3 structure. All the . 4 . .
ARPES spectra have been obtained by varying the Ioolatrogether with the bonding distances between the neighboring

angles at a step of 2° along the high symmetry azimuths cﬁ';ltoms. It is noted that the surface Si atoms are slightly pulled
the irreducible part of the %1 SBZ[see Fig. 1d)]. up by the adsorption of the Tl adatoms in this configuration

. . and thereby the bonding between the Si atoms 2 and 3 be-
In order to explain our experimental results, we have per-

formed DFT total energy calculations for an optimum atomicOMes slightly weakened. We, in fact, observe slight elonga-
arrangement of the TI/GI11)-1x1 surface. We have also tions of the atomic distanag,; by 0.03 A and of the height

calculated electronic structure of the surface to find surfacfor the Si atom 2 by 0.09 Ain comparison to the correspond-

electronic bands. We have used the local-density a roximaﬁ—1g values of the clean bulk-truncated surface.
) y app In order to determine surface bands of the TI$1)-1

tion for the exchange-correlation functional and norm- . .
. : X1 surface, we have obtained a series of angle-resolved
conserving, fully separable pseudopotentials. Thestates - X .
hotoemission spectra along several high symmetry azi-

of Tl were treated as valence states, and the electronic wave . .
functions were expanded in a plane-wave basis set with guths of the irreducible _Xl .SBZ' A set OT such.spectra
large cutoff energy of 40 Ry. We used a FHI96MD pacKage obtamec_i alqng thg101] direction(or I'-K a2|muth_ is pre-
for the calculations. To test the accuracy of the Tl pseudopoS€ntéd in Fig. 3. The spectra were collected with the inci-

tentials, we have calculated the ground state properties of @&nce angle of photons of energy 21.2 eV fixed at 45°. All
bulk hcp TI. This treatment gives lattice constarag the Spectra have been normalized by the incident photon flux

=342 A and c=5.44 A, and a bulk modulus oB, in order to determine the variation of peak intensity as the

—42 GPa. The agreement with experimental datg ( exit angle varies. One easily notices that a Tl-derived state

=3.46 A, c=5.52 A, andB,=43 GPa) is good. (denoted asS;) disperses significantly as the exit angle of
The TIS(111)-1x 1 surfaces were simulated by using a photoelectrongor equivalently the componekj of electron

supercell geometry. We used a repeating slab structure coffomentum parallel to the surfacehanges. We present the
sisting of one Tl iayer and eight Si layers with an 8.0 A surface band determined from the ARPES spectra into a

vacuum region and axX1 surface unit cell. The bottom- 9ray-scaleEg-k; diagram in Fig. 4. One finds that the TI-

layer Si atoms of the slab were terminated by hydrogen gtderived state becomes enhanced in intt_an_sity as it approaches
oms. We relaxed all atoms in the slab except for the bottomlowards the zone boundaries whereas it is relatively weak at

most Si and H atoms. Geometry optimization was terminatedhe zone centerI{). Note also that it remains almost flat
when the remaining forces were smaller than 0.05 eV/Aalong theK—M azimuth while it disperses significantly as it
Convergence was tested for various adsorption structures amdoves away from the zone center.
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FIG. 3. ARPES spectra collected from the T{/Ri1)-1X1 sur-
face along thd"—K (or the[101] direction azimuth. One notes a
significantly dispersive band near the Fermi level, which turns out
to be a surface band. Similar spectra along the other high symmetric
directions are also collected. The incident anglg (of the photon
beam is fixed at 45°.

S, band is located at thEpoint whereas the band minimum

of the emptyS, band occurs at th& point from which we
obtain the band gap of 0.34 eV. Although the origin of the
semiconducting nature of the TI(SL1)-1X1 surface is
briefly stated above as the saturation of all the dangling
bonds, the charge redistribution due to the adsorption of Tl
atoms appearing in Fig.(8 as the contour plot of the
charges of thes; band explicitly supports our earlier expla-
nation.
The stateS; apparently represents the saturated dangling-
FIG. 2. Geometry-optimized structure of the TURID-1x 1 bond state of Si atom 2. By contrast, the charges of the
surface at 1.0 ML with Tl at th&, sites. Other high symmetry sites empty surface stat§, are localized mostly around the;
such asT; andH; shown in the top viewa) are found to be less sites as shown in Fig.(B). Figure %c) shows the distribution
favorable. The numbers in the side vigh) denote the bonding of the difference in charge density of the THBLD-1X 1
distances in A between the neighboring atoms. Note the slighsurface. It was obtained by subtracting the sum of the charge
variation of the bond lengths induced by Tl compared to the valuedensities of the isolated Tl layer and the Si substrate from
of 2.33 A for a bulk Si. that of the TI/S{111)-1x1 surface. It is noted that the
charges are transferred from the Tl adatoms partially to Si
Since the only surface state near the Fermi l&etloes  atom 2 to saturate the surface Si dangling bonds. We also
not cross the Fermi level throughout the SBZ, and the 1find the enhanced charges ofpa orbital character between
X 1 unit cell at 1.0 ML has an even number of electrons, theSi atoms 3 and 4. Based on these observations, we are led to
Tl-induced Ix 1 surface can be safely considered as a bangonclude that the bonding of Tl adatoms on thél8l)-1
insulator in the scheme of a single electron band theory. The 1 surface is mainly ionic and that all the Si dangling bonds
fact that this surface is extremely inert to foreign adsorbategre saturated by the electrons transferred from Tl adatoms to
such as oxygen atoms reflects the electronically saturategiake the surface semiconducting.
nature of the surface dangling bonds. More specifically the We have studied the adsorption of Tl on th&13i)-7
dangling bonds of three surface Si atoms associated with &7 surface. The observation of a stable well-defin&l
T, site become saturated by the three electrons transferred /3 overlayer structure at 1/3 ML denies the “inert pair
from the Tl adatom. effect” attributed only to TI among group Il elements. The
Our calculated band structure for the geometry optimizedinique surface band found in our ARPES measurements
TI/Si(11D)-1Xx 1 surface is presented in Fig(bl. Here we from the TI/S{111)-1x 1 surface at 1.0 ML shows that the
find two distinct surface bands; one fill&] band and an- surface is semiconducting. Our DFT calculations reproduce
other emptyS, band above Fermi level. Not only the fact the surface band quite well. It stems from the dangling bonds
that the surface is semiconducting but also the energyef the surface Si atoms saturated by electrons transferred
momentum dispersion relation of ti$¢ band are well repro- from the Tl adatoms. The saturation of the surface dangling
duced in our calculations. The band maximum of the filledbonds makes the TI/@i11)-1x 1 surface extremely inert to

(b)
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FIG. 4. (a) Experimental energy-momentuiithe component
parallel to surfacek)) dispersion relation of the TI/gi11)-1x1
surface determined from the ARPES spectra for the irreducible
SBZ. The brightness at a givel is proportional to the spectral
intensity of the state. This observed filled surface band is well re-
produced in our calculated band structure of the surfagavith Tl
at theT, sites. Energy is referenced to the valence band maximum
at thel'. Edges of the projected bulk band structure are denoted by
gray solid curves. The two surface states, one filled b&na@nd
another emptys, denoted with solid circles appear in the bulk gap.
One finds a band gap of 0.34 eV between the maximum ofSthe
and the minimum of thé&, band. Inset shows the surface Brillouin
zone of the X1 unit cell. ) ]

FIG. 5. Charge density contours of the filled surface sEtén)

. . and the empty stat8, (b) at theK point of the TI/S{111)-1x 1
foreign adsorbates. Our calculations further show that thgface. A contour plot of the charge-density difference between the

surface is a band insulator with a band gap of 0.34 eV.  1/sj(111)-1x 1 surface and the isolated Tl layer plus the Si surface
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