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Order-disorder character of the (3X3) to (y/3X+/3)R30° phase transition of Sn on G€111)
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The a phase of Sn/G&11) has been investigated from 120 K up to 500 K, using synchrotron radiation
core-level photoemission. By means of photoelectron diffraction experiments, we verified that the rippled
structure of the low-temperature ¥3) phase is preserved in thg¥x \/3)R30° phase at room temperature,
thus confirming the order-disorder character of the phase transition. We also found that at least two components
are present in the Snddcore-level spectra up to 500 K, i.e., about 300 K above the onset of the transition from
the low-temperature (83) phase to they(3x 3)R30° phase, thus excluding the occurrence of any displa-
cive transition.
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The system formed by one-third of a monolaykt.) of  to room temperaturg®'31€ This discrepancy urges PED
Sn adatoms atop th&, sites of the GEL11) surface @  structural measurements of the RT phase.
phase exhibits a transition from a low-temperatuier) (3 The hypothesis of a displacive transition, being recently
x3) phase to a high-temperatu@iT) (y3x 3)R30° Suggested to be driven by a phonon softertingsks for
phase. This transition is gradual, reversible, and has a critic&XPeriments in a more extended temperature range. To our
temperaturd ,~220 K. The phase transition was attributed knowlédge no data have been published at temperatures

to the manifestation of a commensurate surface chargé‘-igher than 300 K, while it is well known that the displacive

density wave state in the LT phase stabilized by many-bod;’?.hase transitions are always accompanied by an intermediate

effects, in particular by electron correlatibr Later on, an d|so_rdered stage ar_ound the critical te_mperajtﬁré? mani-
. . : . . . festing the change in surface corrugation only at a tempera-
order-disorder modeéljnvoking dynamic fluctuations as mi-

croscopic driving mechanisfhas been proposed to explain ture substantially higher tham;. It is therefore of utmost

: importance to have a clear indication of the order-disorder
the published data. The research then focused on the role Qharacter of the transition arourid and to know if the two
surface defecf€ and the determination of the surface

812, discrimi b h components observed in the Sd 4ore level spectra at LT
structuré™"“in an attempt to discriminate between the two ;4 T are also present far frofy, up to the highest tem-
Interpretations.

_ _ perature where this phase is stabte550 K) 2

At present, the (X 3) structure has been deterr_nlned with By means of photoelectron diffractioPED) measure-
a good agreement between surface x-ray diffraéBn ments we have already shown that in the<@ phase the
(SXRD) and photoelectron diffractidh (PED) measure- ghserved splitting of the Sndacore levels in two compo-
ments. At low temperature, the Sn adatoms occupy inequivahents derives from adatoms with different bonding
lent T, sites, with one Sn adatofout of three within the unit configuration* A vertical ripple of 0.3 A between the Sn
cell) protruding above the surface. This inequivalency is alstadatoms has been estimated by simulations, with one adatom
confirmed by photoemission experiments, where at least twguyt of three that protrudes above the surface. In particular,
componentgwith intensity ratio close to 1)2are required to  the adatom at the higher height level is associated to the Sn
fit the Sn 41 spectrum properly.**~*4 4d component with the larger binding enerfdyThe three

For the structure of the\(3x y3)R30° phase at room nearest-neighbor Ge atoms follow the Sn adatom vertical
temperature (RT), only SXRD measurements are distortion, i.e., their bond angle and length remain almost
available?*° They slightly favor a structure with equivalent unchanged. This rippled structure is in good agreement with
Sn adatoms, thus suggesting that the transition is indeed dugth the SXRD experimertsand recent density-functional
to a pseudo-Jahn-Teller effette., it would be a displacive theory (DFT) calculation$®?3for the LT (3% 3) phase.
phase transition. This result is hardly conciliating with a very  |n this paper, we report on the evolution of the Shebre
recent He diffraction study of the ¢83) order parameter, |evels and on their PED patterns at different temperatures.
which indicates the occurrence of a three-state Potts ordefFhe measurements were performed at the ELETTRA Syn-
disorder phase transition @~220 K. Moreover, the hy-  chrotron facility in Trieste, in the ultrahigh vacuum end sta-
pothesis of a displacive transition at 220 K is also not com+ions of the ALOISA(Refs. 24 and 2band SuperESCAREef.
patible with the core-level photoemission experiments.26) beamlines. The Sndicore-level photoemission spectra
where the inequivalency between the Sn atoms seems to rgresented here were measured at the SuperESCA beamline
main also in the ({3 \/3)R30° phase, since the Srd4ine  with an overall energy resolution better than 120 meV. The
shape does not change significantly frend00 to 150 K up  PED experiments were performed at the ALOISA beamline.
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. . o FIG. 2. Intensity ratio between the minoriB/and the majority
FIG. 1. Sn 4l photoemission spectra taken in normal emission 5 components of the Sndg, core levels at 130 Kfilled circles

from the (/3 y3)R30° phase at RT. Each spectrum has been,q 300 K(open circles The data at 130 K have been vertically

taken at a different photon energy. The data have been normalizeg]iﬁed by 0.4 units for the sake of clarity. The smoothed dfath
to the photon flux. The overall intensity slope clearly shows the”nes) are also shown as a guide to the eye.

Cooper’s minimum for the Sndtcore level at the lowest energies.
The spectrum taken dtv~245 eV is shown in the inset panel The photon energy dependence of the intensity Hatib
together with the fit to two doublets, after background correction. between the minorityB and the majorityA components of
the Sn 45, core levels at 130 and 300 K is shown in Fig. 2.

Details about the sample preparation and PED experimenfthis presentation of the PED data allows a direct evaluation
at ALOISA are given elsewher@At the SuperESCA beam- of any change of the Sn vertical ripple, in particular, the
line, thea phase was prepared by dosing 1/3 ML of Sn on adisappearance of the ripple would yield a constant intensity
clean Gé111)-c(2x8) surface kept at RT. The optimum ratio without any energy modulation. In addition, the com-
coverage and annealing treatment for th@g \/§)R30° parison between the intensity ratio below and above the tran-
and (3x 3) phases were checked by optimizing the intensitysition is not affected by the systematic errors of extracting
of the low-energy electron diffractioLEED) (3% 3) extra  the anisotropyy function. These errors can be large around
spots of the LT phase and the intensity of the Sn induced30 €V, because of the pronounced Cooper minimum. The
surface band at the Fermi level in the photoemission spectr&!Tor bars in Fig. 2 represent the maximum error in the in-
This feature is indeed very sensitive to the quality of thetensity ratio, as obtained by the fitting procedure of Ref. 12,
(V3% \3)R30° phasé:’® We have investigated also the (2 and it mainly arises from the uncertainty on t_he energy shift
X 2) phase of Sn/G@11), obtained by dosing-0.2 ML of _betwe_en tth and B components and their I|neW|dth_. _Thg
Sn and annealing at 450 K. The temperature stability duringntensity ratiolg/I , below and above the phase transition is
measurements was better thari0 K. very similar, confirming that, also in the\8x \/3)R30°

In Fig. 1, we show the Sndi core-level photoemission Phase at RT, there are two inequivalent types of Sn adatoms
spectra taken at room temperature in normal emission georiith different bonding geometridifferent vertical distances
etry for photon energies between 120 and 300 eV. In thesBetween Sn and the underneath Ge atdthus the rippled
experimenta| ConditionS, the photon energy dependence &trUCtUre is maintained up to RT. This result differs from that
the photoemission spectfafter normalization to the photo- Obtained by SXRD experimerits’ [where the surface corru-
emission cross sectiomainly reflects the vertical distance gation was claimed to change from thex3) to the (/3
between the Sn adatom and the Ge atom directly underneatk,'3)R30° phasg and indicates that the phase transition at
thus enhancing the sensitivity to the vertical distortions ofT~220 K has an order-disorder character.
the adatom layel In fact, the Sn vertical ripple is the main Since the two spectral components are unambiguously as-
structural parameter involved in the phase transition, since iigned to two adsorption sites with different Sn heights, we
is expected to disappear in the high-temperature phase if @an detect any structural modification of they3(
displacive transition takes place. A detailed description of thex \3)R30° phase by simply measuring the St gpectrum
Sn 4d core-level analysis in terms of two spin-orbit split as a function of the temperature. In particular, an eventual
doublets is given in Ref. 12, where high-resolution spectranergence of the two spectral components in a single one
have been studied to determine the fitting parameters usegdould be the fingerprint of a displacive transition. We have
for the successive analysis of the PED data taken in the LFeported in Fig. 3 the line shapes of the Sd dore-level
phase. Also in the\(3x /3)R30° phase at 300 K, the Srd4  spectra of 1/3 ML of Sn/G&11) measured from 120 to 500
core levels have a shape that cannot be fitted with a singl& with a photon energy of 198 eV and an emission angle of
spin-orbit split doublet:®1*16At least one additional doublet 55° from the surface normal. These spectra have been fitted
is needed to improve appreciably the quality of the(§te  to Doniach-Sunjic(DS) doublets convoluted with a Gauss-
the inset panel of Fig.)1 ian. The Gaussian takes into account both the instrumental
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FIG. 4. Upper panel: temperature dependence of the energy shift
between theéd andB components as obtained by the fit to the $h 4
spectra in Fig. 3. Lower panel: temperature dependence of the
Gaussian FWHM as obtained from Fig(@pen circles The filled
circles show the Gaussian FWHM obtained by fitting the spectra of
| the a phase to a single spin-orbit split componébsS type. The
Gaussian FWHM of the Sndispectra, taken in the (22) phase at
0.2 ML, is also reportedfilled triangles. Full and dotted lines are
Binding energy (eV) linear fits to the temperature behavior of the FWHM'’s.

| ~=~-pF>

-26 -25 -24 -23 =22

FIG. 3. Fit of the Sn 4 core levels with three DS spin-orbit ) o )
split components in the (83) phase at 120 K, and in the/8 [0 @ single DS doublet, thus yielding a Gaussian FWHM of
X 3)R30° phase at 300, 420, and 500 K. The fits yield a Lorent-—0.6 €V, a value much larger than that of the components
zian width of 0.2 eV with a branching ratio of 0.68.01 and an  used to fit the low-temperature spectra.
intensity ratio of 0.52—0.6 between tBeand A components. In order to discriminate between the model with a single

component at 500 K and that with and B components, we

broadening(120 meVj and the temperature-dependent pho-have followed the temperature dependence of the Gaussian
non broadening, that is much larger. The free parameterEWHM of these components in the ¥3®), in the (/3
were the energy position of the doublets, their intensities, thé< V3)R30° and in the (X 2) phases of Sn on GELl). The
Gaussian full width at half maximurfFWHM) (assumed to corresponding temperature dependences are reported in Fig.
be the same for all the doublgtéhe asymmetry of the DS 4. The values obtained for theandB components of ther
line, and the branching ratio. The spin-orbit splitting was sefphase and for the (22) phase show a linear increase with
to 1.02 eV(according to Refs. 13 and 28 and a polynomialthe temperature, with a slope of (6:98.02)
function was used for the background caused by the lowx10 3 eV K™! and (0.32-0.03)x10 3 eV K™%, respec-
energy tail of the Ge @ core levels at about 29 eV of bind- tively. This result is consistent with the linear increase
ing energy. (~0.2x10 % eVK™?) observed for the surface compo-

Besides theA and B components, a third weak doublet nents of the 8 core levels of the clean GEL) surface in a
was required to fit properly the ¢83) phase spectra at 120 wider temperature randgé The fit of thea-phase core levels
K. This component is attributed to the Sn atoms surroundingvith a single component yields a Gaussian width which does
Ge substitutional impurities in the ¢83) overlayer, accord- not change with the temperature, while the quality of the fit
ing to the measurements of Uhrbergal 1° We observed that  declines as the temperature is lowereeing definitely in-
the third component intensity decreases by increasing thsufficient already at 300 K If the 500-K spectra contained a
temperature up to disappearance at 420 K. This is possiblgingle component, there would be a jump-00.2 eV of the
due to limits of the fitting procedure in detecting such a faintFWHM between 300 and 500 K, with about a threefold in-
feature when the main components become increasinglgrease in the temperature derivative of the core-level width.
broader'® The energy shift between theandB components  This implies that the thermal broadening of the Shebre
does not change between 120 and 50G&e the upper panel levels would be strongly nonlinear, in contrast to the data of
of Fig. 4), while the corresponding Gaussian width graduallythe Sn (2<2) phase, the clean GEL1) surface, and other
broadens from~0.3 eV up to~0.5 eV. The Sn 4 core-  semiconductors surfacé$?*As a consequence, the tempera-
level line shape at 500 K is more symmetric and can be fittedure dependence of the FWHM'’s reported in Fig. 4 strongly

193410-3



BRIEF REPORTS PHYSICAL REVIEW B 64 193410

supports a deconvolution of the Srd Lore-level spectra components of the photoemission spectra, reflecting the in-

with at least two DS doublets up to 500 K. equivalence of the Sn adsorption sites, are present up to 500
In conclusion, we have measured the temperature and el This result leads us to discard the occurrence of a displa-

ergy dependence of the Sul 4ore levels of Sn/G&11). By  cive character of the transition even at temperatures much

means of energy-dependent PED, we found that the verticaligher thanT,=220 K.

distortion, obtained for the two kinds of Sn adatoms in the

LT (3x3) phase, is also present in the/Ix \3)R30° This work was partly supported by MURST cofin@rot.

phase at RT, i.e., the transition at220 K has an order- 9902332155 and Prot. 990211283by Regione Friuli-

disorder character. In addition, we have shown that the twd/enezia Giulia 98 and by INFM PAIS-F99.
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