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Electronic structure of Sr/Si(111) v3Xv3: Indications of a low-temperature phase
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The Sn/S(111) v3Xv3 surface has been studied by photoelectron spectroscopy, low-energy electron dif-
fraction (LEED), and scanning tunneling microscopy. Unlike Sn/@d), the Sn/Si111) surface shows a
V3 Xv3 LEED pattern at low temperature al§f0 K). The electronic structure, however, is inconsistent with
a purev3Xv3 phase. Sn d spectra exhibit two major components and the valence band shows two surface
bands. These features have been associated with the low-temperat8rptse in the case of Sn/Gél).
The similarity in the electronic structure points to stabilization of a low-temperature phase fof13dy3iso,
but at a significantly lower temperatu¢e 70 K).

Phase transitions in low-dimensional systems have reeore-level and valence-band spectra show the features that
cently attracted a lot of experimental and theoretical interesthave been attributed to thex3 phase for the Sn/GE11)
A striking example is the transition that occurs ontiRb/ systen?~’ It is quite intriguing that a second Srd4ompo-
Ge(111) and® Sn/Gé111) surfaces. The room-temperature nent and a second dangling-bond band show up in the pho-
V3 XV3 reconstruction, withi monolayer of Pb or Sn ada- toemission experiment for the Sn(E11) system also even
toms, changes gradually to &3 phase when the tempera- though there are no signs of ax3 phase. There is, how-
ture is lowered. As determined by surface x-rayever, an interesting difference in the core-level results. In
diffraction®* the transition to the 8 3 phase involves ver- contrast to the Sn/G&11) surface the smaller Snddcom-
tical atomic displacements in the adatom layer which giveponent appears at the lower-binding-energy side of the larger
rise to sharp X3 low-energy electron diffractioiLEED) component. This difference, which may be related to the dif-
spots. Scanning tunneling microscog$TM) images of ferent low-temperature behavior of the SigiSil) surface,
these surfaces show a transition fromVaxXv3 to a 3x3  can be qualitatively explained by the two different types of
unit cell, which has been attributed to the formation of a3x 3 disturbance that can be induced by substitutional
commensurate charge-density wave.Other electronic  defects°
structure studies, concentrated on the S(IG® system, Photoemission and LEED studies were performed at
have been done by photoelectron spectrosCopAn inter-  beam line 33 at the MAX-I synchrotron radiation facility in
esting and rather puzzling result is that the electronic struckund, Sweden. The angle-resolved valence-band spectra
tures of thev3 X v3 and 3x 3 surfaces are qualitatively quite were obtained with a total energy resolution ©60 meV
similar. The two major Snd components and the two and an angular resolution af2°. The Sn 4l core-level spec-
surface-state bands that are observed find a natural explan@a were measured at an energy resolutior=60 meV with
tion in a 3X 3 surface phase but are not directly accountedhe same angular resolution. STM and LEED studies were
for in av3Xv3 periodicity. performed in an experimental chamber at Lipka

Although the Pb/Sil11) and Sn/Si111) systems can be University!! The S{111) samples(Sb doped, 3)cm) were
expected to behave in a similar way to their(GEl) coun-  cleaned and preoxidized before insertion into the vacuum
terparts, they have been much less studied. The fact thahambers and the chemical oxide was remoireditu by
there is no report of @3Xv3 to 3X3 transition on the direct-current heating of the sample to eithe930 or
Sn/S{11)) surface seems to be reflected in the lower number1150°C. Sn was evaporated onto the samples from a fila-
of publications for this system. It is known, however, that thement source calibrated by a quartz crystal monitor. After
Sn 4d core level of the Sn/$111) v3 X V3 surface shows an evaporation, the £111) samples were annealed 46650 °C
unexpected second componérinspired by this situation, to form ordered surfaces. This annealing temperature has
we have used several techniques to address the interestiegrlier been reported to giw8 X v3 surfaces with the lowest
atomic and electronic structure of Sn/Blil). defect density(substitutional Si atoms? The amount of Sn

The Sn/Si111) v3Xv3 surface has been studied using deposited onto the surfacegg,, in monolayers(ML) has
photoelectron spectroscopy, LEED, and STM. Various Srbeen used to label the different sample preparations. We do
coverages were investigated in order to find the optimurmot claim that these numbers correspond exactly to the abso-
preparation of thev3Xv3 surface. The use of room- lute coverage. An error on the order of 5—10 % is probably a
temperature STM allowed us to check the quality of the sur+ealistic estimate.
faces and to characterize the different types of defects that Figure 1 shows a set of Sriddpectra measured at normal
are present. In contrast to the Sn(GEL) system, we do not emission for initial Sn converages between 0.20 and 0.47
observe any transition to @33 phase in LEED at tempera- ML. The spectrum for the lowest Sn coverage, which corre-
tures down to 70 K, which was the lowest temperature in thissponds to the so called “mosaic” phase, shows essentially
study. Despite this difference we find that both the $h 4 one spin-orbit-split 4 component. As the coverage is in-
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FIG. 1. Sn 4 core-level spectra obtained at room temperature.
The amount of Sn evaporated onto th€l$ill) surface is indicated

by 65, (ML). All surfaces were annealed to 650 °C for 2 min. The . ] 5
spectra are displayed with the same peak height. FIG. 2. Filled-state STM image (282294 A?) of the v3 X3

surface obtained at room temperat{te V tip bias, 300 pA The

creased a second component develops on the left, higﬁhree different types of defect§, V, andD are discussed in the
binding-energy, side. The spectra continue to change up t§Xt
0.40 ML of Sn while the spectra for this and higher cover-
ages look essentially identical. The different preparationsype of defect appears as a dark atomic position surrounded
were also investigated by LEED. All surfaces showed3a by six atoms with no specific contrast). This defect ap-
Xv3 LEED pattern but significant differences were found in pears dark also in empty-state images and is interpreted as a
the background between the diffraction spots. For initial Srreal vacancy as in other studies** The average concen-
coverages less than 0.40 ML we observed weak, diffusération of vacancie$~0.2%) is significantly smaller than the
streaks between X1 spots. For initial coverages between concentration of Si substitutional defects. A third type of
0.40 and 0.47 ML the streaks were no longer observed. If theefect shows up as a bright spot surrounded by six atoms that
initial Sn coverage was higher than 0.47 ML the LEED pat-are slightly darker than the norme8 xXv3 Sn atomgD). In
terns showed diffraction fromv3x2v3 areas on the sur- reverse-bias images the bright center spot appears dark, simi-
face. Based on the LEED results we define the optimumar to a vacancy. This behavior is what one can expect from
preparation of the’3xv3 surface as one that does not showgroup-V substitutional atoms. Since the Si substrates were
any streaks between thexll spots or any indication of doped with Sb atoms we interpret this feature as due to sub-
2v3 X 2V3 spots. This situation was achieved by depositingstitutional doping atoms. The average concentration of these
0.40-0.47 ML of Sn on the 8i11)7Xx 7 surface followed by defects is=0.2%. From the STM studies we conclude that
annealing at 650 °C for 2 min. As can be seen from Fig. 1 théhe preparation method used for the LEED and photoemis-
Sn 4d spectra all look very similar in this coverage rangesion studies results in a surface with a small number of de-
and any of these three spectra should be representative of tfects. The total defect concentration is less than 1.5% with
v3xV3 surface. These spectra are similar to spectra in théhe Si substitutional atom as the most common Gr&%).
literature® From the line shape it is quite clear that the $h 4 ~ Because of the strong interest in teX v3 to 3X 3 tran-
spectra consist of at least two components, which is in consition observed in the Sn/GEL) system, it is quite interest-
trast to the single component expected for a sim@lxv3  ing to study the Sn/$§111) v3Xv3 surface also at low tem-
surface. perature. Figure 3 shows a LEED pattern obtained at a

As a third way of characterizing the Sn(811) v3xv3  sample temperature of 70 K from a surface with an initial Sn
surface we have performed STM studies of room-coverage of 0.40 ML. This LEED image is overexposed to
temperature samples. Five independent sample preparatiodiow a detailed study of the weak background intensity. In
were investigated, which were all essentially identical to thecontrast to the Sn/G#l1) case we are not able to identify
preparations used for the photoemission study of the optiany 3x 3 diffraction spots despite the enhanced background
mizedv3 Xv3 surface. Figure 2 shows a typical filled-state sensitivity. We therefore conclude that the S(¥$l) sur-
STM image of such a surface. A number of typical defectsface does not undergo th& xv3 to 3X3 structural transi-
can be identified in this image. The most striking features ar&on as observed for Sn/GEL]), at least not for temperatures
the bright hexagons with a dark centé. In empty-state down to 70 K.
images the centers appear as gray features indicating that the Photoemission, however, provides a quite different view
atomic position is not vacant. In accordance with earlierof the v3xv3 surface. Figure 4 shows a Sl £ore-level
STM studies, we attribute the bright hexagons to Sn atomspectrum recorded at 70 K from the surface corresponding to
surrounding a Si substitutional atom®**The average con- the LEED image in Fig. 3. The decomposition of the spec-
centration of the Si atoms for the five different preparationsgrum shows two major componen@, andC, and a minor
was~1% of the adatoms with a very small spread. A seconccomponentC;. The relative intensities o€,, C,, andC;
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FIG. 3. LEED image obtained at 70 K showing onf§xv3 _ FIG. 5. Angle-resolved valence-band spectra from the Sn/
diffraction (37 eV electron energy Si(111) v3 X3 surface recorded at RT and at 70 K. The surface-

state emission is shown at different emission anglem theT-K
are 30, 63, and 7 %, respectively. Although the LEED patternirection of thev3xv3 surface Brillouin zone. Th& point corre-
shows no sign of any 8 3 periodicity, the Sn d spectrum  sponds tof,=18°.

clearly shows two major components. The intensity ratio . . . .
63/30=2.1 is close to the expected ratio of 2 for a3 quick analysis shows, however, that the intensitgefis far

reconstruction. There is, however, a significant difference if00 high for such an identification. The number of Sn atoms
the binding energies of the, andC, components compared In the bright hexagons constitutes less than 6% of the total

_ number of Sn atoms, which should be compared to the in-
to the Sn/GEL11) systent~’ The smaller componer&; is : O N )
located to the right of the larger compon@y, which is the tensity ofC, of 30%. With this big discrepancy we will have

. to look for an explanation o€, that involves the Sn atoms
opposite of the Sn/Ge11) case’ At room temperature the that appear to be ordered in a simghx v3 periodicity. The
Sn 4d core-level spectra look very similar except for a gen-

. . X small concentration of hexagon atoms instead suggests an
eral broadeningsee Fig. ] and they decompose into the identification with the smallC; component with a relative
same three components.

. . intensity of ~7%.
The Sn atoms forming the bright hexagons around the Si Angle-resolved valence-band photoemission provides an-

defects are obviously different from the other Sn atoms an%ther vital piece of information about thé&xv3 and 3x 3
one might guess that they give rise to e component. A reconstructions. For Sn/GELY) it has been shown that both
the v3xXv3 and 3x3 surfaces exhibit two dispersive

\l:;,x\/3l Sn 4d surface-state band<. The two bands are not resolved at
70K hv=80 eV room temperaturéRT) and they give rise to an asymmetric
peak in the angle-resolved spectra. At low temperature

C, (=100 K) the two peaks are separated and the dispersion can
be easily determined. The existence of two bands at RT for
Sn/Gd111) has been used as evidence for the presence of the
3% 3 periodicity above what is regarded to be #3e<v3 to
3 3 transition temperatur®! Figure 5 shows valence-band
spectra obtained along tH&-K line of thev3Xv3 surface
Brillouin zone for the Sn/$111) surface at both RT and 70
K. These spectra look rather similar to the corresponding
spectra of Sn/G&11),%7 except for one difference. The two
. surface bands, which are not resolved at RT, become clearly
resolved for the low-temperature<33 phase of Sn/Gé11l).
For Sn/S{111) we do not observe any phase transition and
FIG. 4. Sn 4 core-level spectrum recorded at 70 K from the the appearance of the spectra is more or less the same
surface corresponding to the LEED image in Fig. 3. The spectrunihroughout the temperature interval. However, the main re-
decomposes into three componefits, C,, andC,. The fitting ~ Sult from the valence-band data is quite clear. From the
parameters were spin-orbit split 1.04, branching ratio 653, asymmetric peak shape, throughout the angle series, we can
Lorentzian width 0.175, singularity index=0.06. The Gaussian conclude that the Sn/Qil11) surface also shows two surface-
width of C, andC, was 0.33 eV and 0.63 eV fa€;. C,-C;= state structures despite the fact that n& 3 periodicity
—0.45eV andC,-C3;=0.47 eV. could be detected by LEED or STM. The surface band struc-
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ture is metallic, both at RT and at 70 K, as shown by thelack of 3x 3 diffraction spots at 70 K seems to be in contra-
clear Fermi-level crossing a,=10°. At smaller emission diction with such an explanation. This type of conflicting
angles a surface-state structure remains well below the Fermgsults obtained by photoelectron spectroscopy and LEED
level, which can be attributed to a second fully occupiedwas discussed earlier for Sn/G@1).%’ The characteristic
surface-state band in similarity with the Sn(G#1) system. features of the Snd and valence-band spectra associated
For the Sn/GEL11) system the strong second Sd dom- with _the 3%x3 periodic_ity are present at RT although no dif-
ponent can be qualitatively explained by a reconstructiodraction spots from this phase can be observed by LEED.
that is stabilized by the presence of Ge substitutional defects. This apparent discrepancy between the LEED and the
These defects seem to induce a locat 3 periodicity at ~Photoemission results can be explained in terms of thermally
room temperaturd* which extends over larger areas with Nduced fluctuations - similar to the situation for the
decreasing temperature as observed by STM. Recently, ne&}(lOO)c(4><2) to 2X1 transition. The dynamical fluctuq-
and more detailed information about the characteristics of G- s of the Sn atom positions have been treated theoretically

9 . 00 or Sn/Ge111) in Ref. 7, where it was concluded that ther-
defe_cts on Sn/G&11),” and Si defects on Sn/@ll),. WasS malfluctuations could lead to a situation where the Sn atoms
published. It was reported that Ge defects can induce tw

9re located instantaneously in either of the two vertical po-
types of 3X3 pattern on the surface. Thex3® periodicity y P

X ) sitions of the 33 phase. This could explain why a “time
that is normally reported for the Sn/@d.1) surfacé gives averaging” technique like STM showsv8 X v3 periodicity
rise to one bright and two dark Sn atoms pet3 unit cell in

! : \ near RT, and why the 83 diffraction gradually disappears
filled-state STM imagegthe bright atoms form a hexagonal \yith increasing temperature. Photoelectron spectroscopy,

pattern). In Ref. 9 this pattern is explained by the superposiyhich works on a much shorter time scale, would, however,
tion of the influence from Ge defects located on different 3gtjj| show the essential features of thex3 reconstruction.

X3 sublattices. If the Ge defects are isolated or located Ofyne merit of the “dynamical fluctuation model” is that it

the same sublattice they instead give rise to a different typgyp, explain the strong intensity of the extra Sth @ompo-

of disturbance of the neighboring Sn atoftfee bright atoms  nent at RT and the small difference between low-temperature
form a honeycomb pattern in this castn filled-state STM  4ng RT spectra. The results of a recent electron standing-
images the X 3 unit cell of the honeycomb type contain two \yave measurement of the Sn adatom heights on the

bright and one dark Sn atom, i.e., a reversal of the hexagonaj/si111)v3xv3 surface are consistent with dynamical
pattern. A similar honeycomb-type disturbance has been rgy,ctuationst®

ported in a STM study of single Si defects on Sf1$0) at In conclusion, we find that the Snd4and valence-band
120 K. Based on the significantly smaller concentration Ofspectra of the Sn/Gi11) v3 X3 surface show the character-
substitutional defects for Snf3L1) (~1%) compared to Sn/ tic features that have been attributed to’a3 periodicity
Ge(11D) [3+1 % (Ref. 9] and the shorter decay length of i, the case of Sn/Ge11). These results indicate that the
the d|slt0urbance caused by a deffti A for Sn/S{11]) at Sn/S{111) system may undergo a similar phase transition
120 K™ compared to 50 A for Sn/Ge1D) (Ref. 9], one can ¢ 4t 4 significantly lower temperatu¢e70 K). Based on
expect the Si defects on the Sri/8i]) surface to be essen- o strong intensity of both theé, and C, components, we
tially isolated without any significant interference betweenassign them to inequivalent Sn atoms on the seemingly

them. The dominating disturbance caused by the Si defecigy, 3 reconstructed areas. An intriguing difference in the
can therefore be expected to be of t_he hone_ycomb types, 4 spectra of the Sn/Gi11) and Sn/GEL11) systems was
while the 9 hexagonal 83 pattern is dominant for pointed out. The smaller compone@i appears at the low
Sn/Ge111." In the case of Sn/Geéll) the smaller of the yynging energy side of the large compone@b in Sn/
two 4d components, which is associated with the bright Sngj117) This is opposite to what is observed on the Sn/
atoms, has a higher binding energy than the larger COmpQsg111) syrface. This difference can be understood if the

nent, which is due to the two dark Sn atoffisn the honey- gnlstlll) surface is described by the honeycomb-type re-
comb reconstruction there are instead two bright atoms angy sty ction instead of the hexagonal reconstruction that is
one dark atom and one therefore expects to find the larggf,jiq for Sn/GE111).

component at the high-binding-energy side in that case.

Since this is exactly what we obserigee Fig. 4 it is tempt- Support from the Maxlab staff is gratefully acknowl-
ing to propose that the Sn($il1) surface can be described edged. This work was supported by the Swedish Natural Sci-
by the honeycomb-type 383 reconstruction. However, the ence Research Council.
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