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The 1/3 monolayefML) Sn/S{111)-(,3X 3)R30° surface structure has been extensively studied using
low-energy electron diffractiodLEED) and x-ray standing waveXSW). The summation of several XSW
measureckl Fourier components provides a three-dimensional, model-independent direct-space image of the
Sn atomic distribution. While the image demonstrates that the Sn atoms are locatéblat Bi-adsorption
sites, it alone can not determine whether or not the Sn atomic distribution is flat or asymmetric. However,
conventional XSW analysis can make this distinction, concluding that one-third of the Sn atoms are located
0.26 A higher than the remaining two-thirds. This “one up and two down” distribution result is consistent with
the vertical displacements predicted by a dynamical fluctuations model of the surface. For a second sample
with a slightly different surface preparationjd LEED pattern was again observed, but in this case the direct
space XSW imaging technique clearly revealed that a significant fraction of the Sn atoms were substituting for
Si atoms in the bottom of the Si surface bilayer.
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[. INTRODUCTION phase, it was determined that the Sn local configuration was
) incompatible with the expected symmetric distribution, but
The atomic scale structure of the 1/3 monolay®iL)  instead was indicative of the asymmetric [Fx 3) atomic
Sn/S{111)-(,3X [3)R30° surface(also referred to as,3 distribution. It was determined that both the RT and LT sur-
surface has recently attracted attention because of its structace structure consists of three Sn atoms {8 3) unit cell
tural and electronic similarities to the 1/3 ML Snon(@E))  occupying two distinct positions in a regular “one up, two
surface, which also forms & structure at room temperature down” configuration. This observation lends support to the
(RT). It is generally accepted that the main feature of thisdynamical fluctuations model for the Sn/@#1) surface, in
atomic configuration is the adsorption of 1/3 ML of Sn atwhich the Sn atoms rapidly fluctuate between two distinct
the T,-adsorption sites, as depicted in Fig. 1. Scanningyertical positions at RT, but are frozen into &3 configu-
tunneling microscopySTM) images show that all the Sn ration at LT (i.e., a 2D order-disorder phase transidion
adatoms at thd, sites appear equivalent at RT, which sug-  Because of the similarity between Ge and Si, it is poss-
gests a flat structure on both(£11) and G&111). However, jble that the 1/3 ML Sn/$1L11) surface would also follow
an interesting difference arises when the semiconductog similar dynamical fluctuations model. Evidence for this
surfaces are cooled below RT. While the SI’“.SB“.) surface model is found in core-level photoemission Spectra
maintains the sameg3 superstructure at low temperature of (3% 3) and /3 Sn/Gé¢111) (Refs. 9, 14, and J)5and
(=6 K),' the Sn/Gé111) surface changes to(8x 3) recon- 3 Sn/S{111),'6-which all display a Sn d line shape that
struction when cooled below its transition temperature ofis composed of two components with an intensity ratio of
~210 K? This (3% 3) phase is seen in STM images as aapproximately 2:1. Valence-band photoemission studies on
vertical “rippling” of the Sn atoms, in which one of the three Sn/Ge¢111) (Refs. 9, 14, and 25and Sn/Si111) (Refs.
Sn atoms in thé3x 3) unit cell appears from different from 19_21) also indicate a surface band splitting that is unex-
the other twd This phase transition has been attributed to Jected for a symmetrig3 structure. The reported core-level
variety of phenomena, including surface charge densitynd valence-band measurements were conducted at RT, as
waves??® Ge substitutional defects® and temperature de- well as at a variety of lower temperaturf20 K (Refs. 14
pendent dynamical fluctuatiofis'? yet there is little agree- and 19, 100 K (Ref. 15, and 170 K(Ref. 21)]. These elec-
ment on the dominant driving force for the low temperaturetronic results suggest two types of Sn are present in each of
(LT) (3% 3) reconstruction. It is the unresolved nature of thisthese surfaces, with each type having a unique chemical and
phase transition on Sn/GEL1), as well as its apparent ab- atomic environment. The fact that both types of Sn are
sence in the case of Sn($11), that has motivated the recent present at RT in Sn/8i11) can be naturally explained in the
interest in these complementary semiconductor surfaces. dynamical fluctuations model. However, this view has been
A recent x-ray standing wavgéXSW) study on the disputed in a STM and LEED investigation of 1/3 ML
1/3 ML Sn/Ge€111) surface concluded that the time- Sn/S{111), which found no evidence of ar( x 3) symme-
averaged Sn atomic distributiof@as projected into the Ge try at temperatures as low as 6'Hensity functional theory
primitive unit cell) remains constant at RT and LT despite thecalculations, however, suggest a partial softening of a surface
different surface reconstructions observed with low-energyphonon can explain the lack of a LT phase transition within
electron diffraction(LEED) and STM3 For the RT 3  the framework of a dynamical fluctuations mo&eRnother
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this direct-space image confirms Sn is located at the
T,-adsorption site, it is unable to sufficiently resolve whether
there are one or two types of Sn on the surface. However,
applying a conventional XSW analysis approach demon-
strates that our XSW results are not compatible with a,Bat
structure; instead, it points to a structural configuration con-
sisting of Sn adatoms adsorbed Bt sites at two distinct
heights separated by 0.26 A in a “one up, two down” ar-
rangement. For a second surface prepared under slightly dif-
ferent conditions, we will also demonstrate a case of a cer-
tain fraction of Sn atoms substituting for Si atoms within the

@  Snadatom subsurface Si layer. This surface proves to be an effective
O  Toplayer Si _demonstration o_f the model-indgpendent direct-space imag-
[o1T] ing approach, since the separation between the Sn adatoms
®  Bottom layer Si {11 and the subsurface Sn is large enough that it can be easily
@ resolved.

Il. EXPERIMENTAL DETAILS

Sample preparation and characterization were conducted
in an ultrahigh vacuum(UHV) chamber(base pressure
~1.5x10°Torr) located at the 12ID-D undulator
BESSRC-CAT experimental station at the Advanced Photon
Source, Argonne National Laboratory. The single-crystal
Si(111) samples were cut from a high purity boule of float
zone Si with a miscut angle less than 0.1°. After etching, the
Si samples were Syton polished to produce a mirrorlike fin-
ish. The samples were then degreased, etched using a modi-
fied Shiraki process, and then mounted in a strain-free man-
ner on molybdenum sample holders before insertion into the
UHV system. The samples were degassed for 6-8 h at
873 K, and then annealed for 15 min at 1113 K to remove

121 the chemically grown protective oxide. AES showed C and
(b) (o1 O contamination levels to be less than 0.02 ML. The sample
temperature during each processing step was measured using

FIG. 1. Ball-and-stick diagram of the 1/3 ML Sn($11) sur-  an optical pyrometer. The high-temperature anneal produced
face.(a) Sn adatoms occupy one-third of tfig adsorption sites. 5 clean, well-ordered Gil1)-(7x7) surface, which was
The(1x 1) surface unit cell is inscribed in a solid black line and the confirmed with LEED. A total of 0.3@) ML of Sn was
(y3X% {3)-R30° surface unit cell is inscribed in a dashed gray ”ne'evaporated onto the clean, RT(Ei1) surface at a rate of
(b) Side view of the Sn/$111) surface. Si atoms are displaced - . b
from their bulklike positions according to the calculated atomico'Ol6 ML/”.“” u§|ng an effusion c_eII. Th? Covgrage of Sn
displacements of Ref. 27. was determined in UHV by comparing the intensity of the Sn

La x-ray fluorescence to that of a Sn-implanted1$i) stan-
. . . _dard calibrated by Rutherford backscattering spectroscopy.
theoretical study proposed a different type of dynamica he samples were annealed for 4 min at 918Kprocess

model, in which different Sn structural configurations be- - . o
“ " g . which has been noted to result B surfaces with a minimal
yond a “one up, two down” arrangement are driven by strain

but are obscured by thermal fluctuatidRdt has been sug- amount of Si substitutional defegf8 then allowed to slowly

ested that these configurations may represent a case of GCQOI to RT(at a rate of~1 K/s). This process resulted in a
geste 9t ; 1ay represe " 9duction in the Sn coverage to O(3BML and a sharp/3
namical valence fluctuation, in which a classical fluctuating

state or a quantum fluctuating state can exist. Clearly, thEEED pattern.

Sn/S{111)- /3 surface is more complex than expected, and The XSW measurements were made after_ alk_)wmg the
. . . : sample to cool to room temperature. The data in Fig. 2 were
further structural information must be obtained in order to . ;
o collected by scanning the sample in angle through the al-
understand these conflicting results.

To that end, we have performed situ Auger electron lowed Sthhh) Bragg _reflect|ons_(h=1, 3,4, and_5and_ st
Spectroscopy(AES), LEED, and XSW measurements on multaneously collecting the diffracted beam intensity and
1/3 ML of Sn on é(lll) wfth the goal of determining the x-ray fluorescence spectfasing anin vacuophotodiode and

structural details of the Sn/@ill) surface at RT. By a Fou- energy-dispersive i) detector, respectivelat each angu-

rier summation using the XSW measured Fourier amplitudelsar step. Three additional off-normal XSW measurements

and phases, we are able to generate a model-independégre collected in the same manner utilizing the(&L1),
image of the Sn time-averaged atomic distribution. While(333), and(511) Bragg reflections in order to determine the
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—— — 16 TABLE I. Summary of the XSW results for the 0.&3 ML
(1 s P 1.4 Sn/Si(111) surface. The unit cell origin coincides with the top of
| ) ";'{"""”\B‘“"'”"“L 12 the bulklike Si bilayer.
—_ — =2\ / ‘ 11
11£=076(2) \\ R Jos8 (hk) P fu
=0.61(1 ‘
P @ 10.6 (111 0.61(1) 0.762)
0.5+ 104 (333 0.752) 0.442)
102 (444 0.373) 0.207)
0 20 0 20 40 60 80 100 0 (559 0.924) 0.248)
(333) £=04402) | 1.6 11 0.491) 0.895)
0.8 1 p=0.75(2) (333 0.582) 0.363)
12 (511) 0.582) 0.41(4)

0.6

04| S
cal diffraction theory produced the coherent positid?y)

and coherent fractiofify) for the adsorbed Sn atoms. Any
change in the coherent fraction due to the deterioration of the

021

0570 10 20 30 40 50 60" sample over time was monitored by repeating(thl) XSW
@an f‘_02'0(7) measurement. Based on a comparison of these ()
0.8 —o 2 measurements, the fraction of ordered Sn decreased by 7%

" p=037(3)]
k @ over a 42 h period. Because the entire XSW experiment was
conducted over a period 6f64 h, it is assumed the effect of
sample disorder on the othénhh) measurements is small.
Finally, in order to ensure the integrity of the data and analy-
sis the bulk SiKa fluorescence was analyzed and found to
104 agree with the expected XSW parameters for the Si substrate.

Normalized Reflectivity

0.6

0.4

Normalized Sn Fluorescence Yield

0.2

| \ L . .
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A ll. RESULTS AND DISCUSSION
14

0.8 1 The results from the set of XSW measurements are sum-

marized in Table |. The tabulated coherent fractigipg and

067 & . ! coherent positionéPy) are the directly measured amplitudes
041 f=(()).%72((§))’ 3'2 and phases of thiekl Fourier components of the Sn distribu-
p=0. 1Y

tion. Because a sufficiently complete set of Fourier coeffi-
cients was measured, the collected XSW reciprocal-space
data can be Fourier inverted according to the following
50 equation?

p(r) =2 fyexd - 2mi(H -r = Py)]
FIG. 2. Reflectivity(closed squargsand normalized Sha fluo- H

rescence yieldclosed circles experimental data along with theo-
retical fits (solid lineg for the Sihhh) XSW measurements on =1+2 E
0.233) ML Sn/Si(113). Included for comparison are the calculated
yield curves based on the results of Profetaal. (dotted ling,  The result of this Fourier sum is an element-specific, direct
Yamanakaet al. (da_shed ling and the proposed structural model space atomic-density maytr). Since the photoelectric effect
(dots plus dashes line cross sectiofiin the dipole-approximationis proportional to

_ the E-field intensity at the center of the atom, the resultant
in-plane Sn distribution. Thé111}, {333}, and(511) XSW 3D atomic-density map is for the time-averaged locations of
measurements were collected using 6.9 keV x-rays that wertae atomic centers. This elemental distribution is generated
conditioned by the high-heat-load 12ID(811) monochro- independently from any presupposed structural constraints,
mator. For the{111} XSW measurements, a pair of detuned unlike conventional XSW analysis that relies on the compari-
nondispersive $111) channel-cut crystals was used to con-son of experimental and model-calculated XSW parameters.
dition the incident beam; in all other cases, a singleSince this summation includes only tiél Fourier coeffi-
d-spacing-matched 8ihh) channel cut was used. Because cients that arise from the allowed bulk Bragg reflections, the
of the particulars of the experimental setup, the higher-ordecalculated adsorbate atomic density is necessarily projected
Si(hhh) measurements required the use of higher-energinto the primitive unit cell of the substrate. Furthermore, be-
x rays (h=4, 9.4 keV;h=5, 11.2 keV. Fitting the normal- cause the summation will always be limited to a finite num-
ized reflectivity and SrLa fluorescence yield with dynami- ber of measuretkl Fourier components, density oscillations

0 4 8 12 16
Angle, 6 - 6, (urad)

fycod2m(Py—H -nN]. (1)
H#-H#0
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Top view along [111] at height of 1.80 A shows the Sn occupies the-adsorption site, there is no
[111] o [121] obvious vertical asymmetry or multiple density maxima, as
i__’ would be expected for Sn adsorbed at multiple heights. This
G can be interpreted in one of two ways: either the Sn is ar-
ranged in a flat,3 structure as seen in STM images, or the
Sn is in a “rippled” configuration, but the height separation
between Sn adatoms is less than the 0.31 A resolution of this
XSW direct-space image. In order to distinguish between
these two possibilities, a comparison between the measured
(hhh) coherent positions can be made to obtain a qualitative
- sense of the vertical distribution of the Sn atoms.
Side-yieys along/[10T] and af the diagonal If the equilibrium state of the3 surface is composed of
Sn atoms at a single height, it would be expected that the
measured, 11 and P33 would follow the relationshipP335
=Mod,[3P;;4]. This relationship will hold if the time-
averaged distribution of Sn, as projected along[tiE] di-
rection, is symmetric. However, if one compares the results
from the(111) and(333) XSW measurements, it can be seen
that our measured value foP333=0.75 is less than
Mod;[3P;14]=3(0.61)-1=0.83, which demonstrates the Sn
1 atomic distribution is not consistent with the single height
T [ . model developed by earlier structural studies. In fact, relat-
e of bilayer o ing the measured11) and(333) coherent positions demon-
strates the time-averaged projected Sn distribution is asym-
FIG. 3. 2D cuts through the 3D XSW direct space Sn atomicmetric and furthermore bottom-heavy. While the additional
density maps for the 1/3 ML Sn/@il1) surface. The superstruc- (hhh) XSW parameters will help refine the details of this
ture is projected into the primitive unit cell of the bulk crystal. The asymmetric configuration, this simple comparison of two
atomic density scale is shown in grayscale and represents the regieneasurements immediately addresses the primary question
of maximum Sn atomic density as dark spots. The scale of th%oncerning the 1/3 ML Sn/§il11) surface structure:
atomic density map directly results from evaluating ED. using  \hether or not the RT Sn vertical distribution is flat or asym-
the XSW data from Table (a) Top view of the(1X 1) surface unit  metric. However, in order to precisely determine the struc-
cell. (b) Side view of the(1x 1) surface unit cell. Both 2D maps are ,ra| details of this asymmetric Sn distribution, an appropri-
positioned to cut through the maximum of the 3D Sn density map,o model for the Sn/€ill) surface can be employed to
which coincides with thd, adsorption site. The subsidiary maxima . he XSW results
surrounding theT, site are artifacts due to the termination of the Interpret the ) . . .
Fourier sum. Suc_h a m_ode_l was developed in the previously mentioned
XSW investigation of 1/3 ML Sn/G@d11). These XSW
will appear in the background of the direct-space map due tmmeasurements concluded that the Sn atoms are located at the
the abrupt truncation of the Fourier series. This XSW FouriefT -adsorption sites and favored a “one up, two down” struc-
reconstruction method has been very recently developed andre at both RT and at 115 K. These same assumptions de-
used to generate one-dimensional impurity atom distributailed in the earlier XSW study can also be used hétg:
tions in bulk crysta® and to produce three-dimensional gne-third of the ordered Sn is located at a heighaind the
density profiles of adatoms on single crystal surfdées. remaining two-thirds are at a heighg, (2) the rms vibra-
The direct-space Sn density distribution generated by th@onal amplitudegu?)*2 along the[111] direction for all Sn
measured XSW parameters from Table | is shown in Fig. 3gtoms are identical, an(8) some fraction of Si(1-C) is

The resolution limit of this method corresponds to O”G‘halfrandomly distributed, while the remaining fractiGnof Sn is
of the smallestd-spacing measured, which in this case is|qcated aff, sites. As the direct-space images in the previous

dsss/2=0.31 A. The top view shown in Fig.(@ shows the  gection show, the assumption that Sn adsorbs at some height
Sn density variations at a height of 1.80 A above thaB)  _pove theT, sites is a valid one.

surface[where the origin is chosen to be the top atom of the |, order to relate the measured amplitudg) and phase

bulklike S(111) bilayeq. This view demonstrates the maxi- (Py) of the Hth Fourier coefficienfF,) to the model param-
mum Sn atom density is centered at Theadsorption site, as eters, the following equation is used:

expected. This is confirmed by the XSW coherent position

(@)

A

Color Scale Intensity

(b) S TIT S T T

measurements agreeing with the relationshifig;=(P;1; F,.= f exp(2miP,) = C[(1/3)exp(2mimha/d;1,)

+1)/3 and Pgz33=(P335+1)/3, which are the geometrical . o2
symmetry conditions for the occupation @f-adsorption + (2/3)exp(2mimhg/dy ) Jexp(— 2 mA(u?)/dy, ).
sites on the $111) surface. (2

The side view shown in Fig.(B) is a cross-sectional cut _ _ _
through the Sn density distribution containing the long diag-n this equationm refers to the order of thénhh) reflection
onal of the(1x1) surface unit cell. While this view also of interesttm=1,3,4,5. A global chi-squared minimization
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routine was used to integrate the four sets of XSW data, TABLE Il. Summary of the XSW results for the 0.88 ML
account for the relative errors for each individual XSW mea-Sn/Si111) surface. The unit cell origin coincides with the top of
surement, and calculate a set of model parameters. The fithe bulklike Si bilayer. XSW direct-space images of this surface
ting routine resulted in a structural model with a “one up,show a significant fraction of the ordered Sn atoms have substituted
two down” configuration, with the up position ah,  for Si atoms below the adlayer.

=2.045) A above the top of the Si bulklike layer and the
down position athg=1.783) A. The vibrational amplitude (hkl) Py fy
for the Sn atoms in th@l11] direction was calculated to be
(u¥12=0.133) A, while the Sn ordered fraction wa€

(111 0.71(1) 0.541)

=0.81(2). The reduced chi-squared value for this fit was 339 0.713) 0.143)
1.98. 022 0.091) 0.51(3)

With the Sn adatoms arranged in the configuration de(l 33 0.744) 0.1%9)
tailed above, the resulting SASi bond length would be (311 0.5712) 0.243)

3.01 A for the top Sn atoms and 2.84 A for the lower Sn
atoms, if Si were located at bulklike positions. These dis-

tances, which are 10%-17% larger than the sum of the Sfpre, the coherent positions for the off-normal measurements
and Si covalent radi{2.58 A), indicate a strong possibility can be compared with th@11) coherent position in order to

of substantial Si relaxations. An earlier surface x-ray diffrac-deduce the in-plane structure of the Sn atomic distribution.
tion (SXRD) study of 1/3 ML Sn/Si111)-,3 calculated The applicable geometric symmetry relationships for Sn at-
that the adsorption of Sn produced considerable atomic re2Ms located afT, sites arePg,=(4P11,-1)/3 and Pig;
laxations within the first six sublayers of the Si substfte. =P311=(5P113-1)/3. The off-normal XSW measurements
Similar vertical Si displacements were determined in a theoon the higher-coverage surface do not obey these require-
retical full-potential linearized augmented plane wavements, unlike the previously discussed XSW results. Further-
(FLAPW) study?® and in an electron standing waygSW)  more, a comparison of thel11) and (333) XSW measure-
structural study? In the SXRD investigation, it was calcu- Mments shows P333=0.71 to be much greater than
lated that the Si atoms within the first substrate layer expeMod[3P11;]=3(0.71)-2=0.13, indicating a Sn atomic distri-
riences a lateral displacement of 0.211 A towards the Stution that is markedly different from the one discussed ear-
adatom. Incorporating these relaxations with the XSwHier. Because a sufficient number of Fourier coefficients were
determined Sn time-averaged distribution results in a morgneasured on this higher-coverage Siti1$1)-,3 surface,
realistic estimate for the SaSi bond lengths(from  the XSW direct-space imaging technique can be used to
3.01 A to 2.86 A for the upper Sn atoms and from qualitatively probe where this difference arises without rely-
2.84 A to 2.68 A for the lower Sn atoms ing on a particular structural model.

Beyond providing a more realistic picture of the Sn bond- The XSW direct-space image generated from the XSW
ing arrangement, significant Si relaxations may have otheparameters in Table Il is shown in Fig. 4. The increased
consequences as well. The SXRD study calculated a large-plane width of the Sn atomic density distribution is partly
strain energy of 2.29 eV pef3 surface unit cell due to the due to the lower in-plane sensitivity of the off-normal XSW
stretching of Si bond$’ Some of this strain energy may be

relieved by the substitution of Sn from the adatom layer into Side view along [101] and at the diagonal
the Si substrate. While this phenomenon has not been di-
rectly observed by STM images of Sn(8l1), STM has 2

shown Si can substitute for Sn atoms in the adatom [&yer.
Furthermore, small shifts of Sn adatoms from fhe site
were interpreted as the effect of substitutional Sn defects
located in the first two Si layers. Finally, in a second set of
XSW measurements on a second S(18l) sample, the 0
substrate was annealed at 933 K for 2 min after depositing

0.45 ML of Sn, producing a sharg3 LEED pattern and a -1 ol Sl e )

final Sn coverage of 0.38) ML. While the annealing tem- Wm 11

perature used for this sample was not significantly higher [ .

than the annealing conditions for the 0.23 ML Sn/Si surface, ol i ey
i in bottom of bilayer [101]

the initial Sn coverage was increased by 36% over the first
sample. This was done to compensate for Sn desorption dur- £ 4 xsw direct space Sn atomic density image for the
ing the annealing process in our attempt to come close to th§n/S(11D-\s‘3 surface. The scale of the atomic density map di-
ideal Sn coverage of 1/3 ML. As we will show in the fol- rectly results from evaluating Eq1) using the XSW data from

lowing section, direct-space XSW images generated fronyaple I1. A total of 0.45 ML of Sn was deposited on the(13il)
this surface clearly demonstrate Sn can substitute for Si susurface before annealing at 933 K. The coverage after annealing

face atoms incorporated in the(811) substrate. was 0.384) ML. While the majority of Sn appears adsorbed at the
The results of the XSW measurements collected on thig, site, a significant amount appears to occupy a third site directly
0.33 ML Sn/S{111) surface are shown in Table II. As be- below theT, site within the Si surface.
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measurements made for this surface. Above the Si surfacescent XSW studies on Sn/@Edl) (Ref. 31 also find a
this image is quite similar to the XSW direct-space imagelarge amount of Sigup to 20% diffused into the Ge surface
from the lower-coverage surface shown in Fig. 3, since botlafter annealing the Ge surface to a higher temperature.
indicate a Sn atomic density maximum close to 1.80 A  Our “one-up, two-down” surface model can also be
above the top of the Si bilayer. However, the image in Fig. 4compared to the results of previous investigations of the
displays an additional Sn maximum that is approximatelySn/S{111)- /3 surface. In one such study, Profetaal. pre-
25% smaller than the upper maximum and is located 0.35 Alicted that Sn occupies a single adsorption height of 1.80 A
below the top bilayer bulklike Si atoms. The two maxima arewith respect to the top of the Si bulklike lay@rThis study
separated by 2.15 A, and therefore are easily distinguisheghentioned the possibility of multiple adatom heights. An-
from each other in the XSW direct-space image, which hagther study by Yamanakat al. used ESW to determine a
an expected resolution of 0.52 (Bl335/2). Both atomic den-  single Sn adsorption height of 2.06 A with respect to the top
sity maxima are centered oh, adsorption sites; therefore, of the Si bulklike layer® However, it was also proposed that
the image suggests the surface incorporated Sn replaces Sm could also be located in two inequivalent sites. Molecular
atoms located in the bottom of the surface bilayer. dynamics simulations were used to calculate a vertical sepa-

In order to quantitatively determine the amount and locaration between two Sn sites of 0.3 A. This calculation was
tion of the subsurface Sn, the previously discussed structuraised to reanalyze the ESW data, which produced a Sn height
model can be modified by introducing two additional param-distribution with maxima at 1.96 A and 2.26 A, with the
eters:cy,, the fraction of ordered Sn that has migrated be-maximum at 1.96 A being 30% larger than the upper maxi-
neath the Si surface, artd,, the depth below the top of the mum. Neither study addressed the possibility of Sn incorpo-
Si bulklike bilayer to where the Sn has migrated. One conration in the Si surface. These earlier single-height models
straint imposed on the Sn population is the fraction of or-are compared with our XSW-derived model in Fig. 2, which
dered Sn located &k, sites(1-cg,p) is fixed in a 1:2 occu- shows the calculated Sn fluorescence yield curves from the
pation ratio. The previously described minimization routineconclusions of Profetat al. and Yamanakat al. as dotted
can then be applied to the following equation for thieh  and dashed lines, respectively. It is clear from this compari-
Fourier components: son that our multiple-adsorption height model best matches

the measured Sn fluorescence vyield from the 0.23 ML

Frmn=fnexp2miP,) = C X [[(1 —cg p/3lexp2aimhy/d; ;1) Sn/S{111) surface.

_ ; It is also important to consider other possible explanations
+[2(1 - cgp/3lexp(27imhg/d

[2(1 = Cou/3]exp2mimbe/ds) , for the observed vertical Sn asymmetry other than the dy-
+ (Csupexp(2mimhgyddy ;)] X exp(= 2 mXu?)/di, ). namical fluctuations model. First and foremost, we can con-

(3) sider the effect of the presence of defects in the SiA3)
surface. In the specific case of the low coverage surface, the
in Table II, the heightsh, and h, as well as the thermal the jdeal 1/3 ML coverage. This raises the question of
vibrational amplitude are fixed at the values determinedyhether the asymmetric height distribution observed by
from the previously discussed calculatioh,=2.04 A, hs  xsSW is caused by this reduced coverage. For Sn ¢hlSj,
=1.78 A, (u¥)*?=0.13 A). After applying these constraints, the 3 phase is stable over a wide coverage range
the least-squares minimization routine returns a best fit if0.16—0.33 ML),23 unlike in the Sn on Ge case. This is be-
which 38% (+3%) of the ordered Sn is located 0@J A cause Si adatoms will occupy tfig sites that would be filled
below the top of the Si bulklike surface. The fraction of Sn by Sn adatoms if the coverage were closer to 0.33 ML.
that is not randomly distributed §=0.81(4). Therefore, instead of considering the effect of Sn surface
A similar analysis can be used to quantify the amount ofvacancies on the observed Sn distribution, it is more useful
subsurface Sn for the 0.23 ML Sn($11) surface. Re- to consider the effect of Si adatoms locatedTinsites. A
evaluating the XSW data for this surface determined only aecent angle-resolved photoemission study examined the ef-
small amoun{6+3%) of the ordered Sn is located 013 A fect of Sn coverage on the electronic band structure of the
below the ideal Si surface. The inclusion of subsurface Sn irBi,Sn;,/Si(111) |3 phase?! It found that the electronic
our surface model did not significantly affect the other struc-structure is constant as a function of coverage in the
tural parameters. The reduced chi-squared value for this fi§.23—-0.33 ML range, signifying the dangling bonds of the
was 1.87. intermixed Si adatoms behave similarly to the Sn dangling
To further assess if the chosen structural model is reasorbonds and there is no significant charge transfer between the
able, we can compare the measured Sn fluorescence yiefo types of atoms. This finding suggests the influence of
modulation with simulated Sn fluorescence yields based opeighboring Si adatoms on the Sn vertical distribution is
our adsorption model. This comparison is shown in Fig. 2,sma||, as least from an electronic standpoint_
which depicts the simulated Sn fluorescence as a dotted-dash
line and the best fit to the measured ISm fluorescence as a
solid line. There is good agreement between the measured Sn
fluorescence yield and the calculated yield curves; therefore, In conclusion, it has been experimentally determined that
our structural model can be considered a reasonable descrifn adatoms are arranged in a “one up, two down” configu-
tion of the Sn atomic arrangement. As further corroborationration, with one-third of the Sn at 2.04 A above the top of

IV. CONCLUSION
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the ideal Si bilayer and two-thirds at 1.78 A. This Sn distri- model-independent 3D direct-space image, which unambigu-
bution is similar to the atomic distribution measured byously shows Sn migrating below the(811) surface and sub-
XSW of the (3 phase and3x 3) phase of Sn/G@11). This  stituting for Si in the bottom of the surface bilayer.

similarity supports a dynamical fluctuations model of the
Sn/Si{111) surface, in which Sn atoms move in a correlated
fashion between two unique adsorption sites. This atomic
arrangement presents an underly{i8g< 3) structure, as ex- The authors thank P. Baldo and Z. Zhang for technical
pected from previous core-level and valence-band photoassistance, and M. Asta, T.-L. Lee, and E. Tosatti for helpful
emission studies and as observed in the isoelectronic 1/3 Mtiscussions. This work was supported by the NSF under
Sn/Ge111) system. In a separate surface treatment, a highe€ontract Nos. DMR-9973436 and DMR-0076097; and the
initial coverage of Sn was deposited on13il). The mea- DOE under Contract Nos. W-31-109-ENG-38 to ANL and
sured Sn XSW Fourier coefficients were used to generate RE-FG02-03ER15457 to NU.
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