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Order-disorder character of the „3Ã3… to „A3ÃA3…R30° phase transition of Sn on Ge„111…
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The a phase of Sn/Ge~111! 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 (333) phase is preserved in the (A33A3)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 Sn 4d core-level spectra up to 500 K, i.e., about 300 K above the onset of the transition from
the low-temperature (333) phase to the (A33A3)R30° phase, thus excluding the occurrence of any displa-
cive transition.
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The system formed by one-third of a monolayer~ML ! of
Sn adatoms atop theT4 sites of the Ge~111! surface (a
phase! exhibits a transition from a low-temperature~LT! (3
33) phase to a high-temperature~HT! (A33A3)R30°
phase. This transition is gradual, reversible, and has a cri
temperatureTc;220 K. The phase transition was attribute
to the manifestation of a commensurate surface cha
density wave state in the LT phase stabilized by many-b
effects, in particular by electron correlation.1–4 Later on, an
order-disorder model,5 invoking dynamic fluctuations as mi
croscopic driving mechanism,6 has been proposed to expla
the published data. The research then focused on the ro
surface defects7,8 and the determination of the surfac
structure9–12 in an attempt to discriminate between the tw
interpretations.

At present, the (333) structure has been determined w
a good agreement between surface x-ray diffraction9,10

~SXRD! and photoelectron diffraction12 ~PED! measure-
ments. At low temperature, the Sn adatoms occupy inequ
lent T4 sites, with one Sn adatom~out of three within the unit
cell! protruding above the surface. This inequivalency is a
confirmed by photoemission experiments, where at least
components~with intensity ratio close to 1:2! are required to
fit the Sn 4d spectrum properly.5,11–14

For the structure of the (A33A3)R30° phase at room
temperature ~RT!, only SXRD measurements ar
available.9,10 They slightly favor a structure with equivalen
Sn adatoms, thus suggesting that the transition is indeed
to a pseudo-Jahn-Teller effect,9 i.e., it would be a displacive
phase transition. This result is hardly conciliating with a ve
recent He diffraction study of the (333) order parameter
which indicates the occurrence of a three-state Potts or
disorder phase transition atTc;220 K.15 Moreover, the hy-
pothesis of a displacive transition at 220 K is also not co
patible with the core-level photoemission experimen
where the inequivalency between the Sn atoms seems t
main also in the (A33A3)R30° phase, since the Sn 4d line
shape does not change significantly from;100 to 150 K up
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to room temperature.5,6,13,16 This discrepancy urges PED
structural measurements of the RT phase.

The hypothesis of a displacive transition, being recen
suggested to be driven by a phonon softening,17 asks for
experiments in a more extended temperature range. To
knowledge no data have been published at temperat
higher than 300 K, while it is well known that the displaciv
phase transitions are always accompanied by an interme
disordered stage around the critical temperature,18–20 mani-
festing the change in surface corrugation only at a temp
ture substantially higher thanTc . It is therefore of utmost
importance to have a clear indication of the order-disor
character of the transition aroundTc and to know if the two
components observed in the Sn 4d core level spectra at LT
and RT are also present far fromTc , up to the highest tem-
perature where this phase is stable (;550 K).21

By means of photoelectron diffraction~PED! measure-
ments, we have already shown that in the (333) phase the
observed splitting of the Sn 4d core levels in two compo-
nents derives from adatoms with different bondi
configuration.11 A vertical ripple of 0.3 Å between the Sn
adatoms has been estimated by simulations, with one ada
out of three that protrudes above the surface. In particu
the adatom at the higher height level is associated to the
4d component with the larger binding energy.12 The three
nearest-neighbor Ge atoms follow the Sn adatom vert
distortion, i.e., their bond angle and length remain alm
unchanged. This rippled structure is in good agreement w
both the SXRD experiments9 and recent density-functiona
theory ~DFT! calculations22,23 for the LT (333) phase.

In this paper, we report on the evolution of the Sn 4d core
levels and on their PED patterns at different temperatu
The measurements were performed at the ELETTRA S
chrotron facility in Trieste, in the ultrahigh vacuum end st
tions of the ALOISA~Refs. 24 and 25! and SuperESCA~Ref.
26! beamlines. The Sn 4d core-level photoemission spectr
presented here were measured at the SuperESCA beam
with an overall energy resolution better than 120 meV. T
PED experiments were performed at the ALOISA beamli
©2001 The American Physical Society10-1
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Details about the sample preparation and PED experim
at ALOISA are given elsewhere.12 At the SuperESCA beam
line, thea phase was prepared by dosing 1/3 ML of Sn on
clean Ge~111!-c(238) surface kept at RT. The optimum
coverage and annealing treatment for the (A33A3)R30°
and (333) phases were checked by optimizing the intens
of the low-energy electron diffraction~LEED! (333) extra
spots of the LT phase and the intensity of the Sn indu
surface band at the Fermi level in the photoemission spe
This feature is indeed very sensitive to the quality of t
(A33A3)R30° phase.4,16 We have investigated also the (
32) phase of Sn/Ge~111!, obtained by dosing;0.2 ML of
Sn and annealing at 450 K. The temperature stability dur
measurements was better than610 K.

In Fig. 1, we show the Sn 4d core-level photoemission
spectra taken at room temperature in normal emission ge
etry for photon energies between 120 and 300 eV. In th
experimental conditions, the photon energy dependenc
the photoemission spectra~after normalization to the photo
emission cross section! mainly reflects the vertical distanc
between the Sn adatom and the Ge atom directly underne
thus enhancing the sensitivity to the vertical distortions
the adatom layer.11 In fact, the Sn vertical ripple is the mai
structural parameter involved in the phase transition, sinc
is expected to disappear in the high-temperature phase
displacive transition takes place. A detailed description of
Sn 4d core-level analysis in terms of two spin-orbit sp
doublets is given in Ref. 12, where high-resolution spec
have been studied to determine the fitting parameters u
for the successive analysis of the PED data taken in the
phase. Also in the (A33A3)R30° phase at 300 K, the Sn 4d
core levels have a shape that cannot be fitted with a si
spin-orbit split doublet.5,6,13,16At least one additional double
is needed to improve appreciably the quality of the fit~see
the inset panel of Fig. 1!.

FIG. 1. Sn 4d photoemission spectra taken in normal emiss
from the (A33A3)R30° phase at RT. Each spectrum has be
taken at a different photon energy. The data have been norma
to the photon flux. The overall intensity slope clearly shows
Cooper’s minimum for the Sn 4d core level at the lowest energie
The spectrum taken athn;245 eV is shown in the inset pane
together with the fit to two doublets, after background correctio
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The photon energy dependence of the intensity ratioI B /I A
between the minorityB and the majorityA components of
the Sn 4d5/2 core levels at 130 and 300 K is shown in Fig.
This presentation of the PED data allows a direct evalua
of any change of the Sn vertical ripple, in particular, t
disappearance of the ripple would yield a constant inten
ratio without any energy modulation. In addition, the com
parison between the intensity ratio below and above the t
sition is not affected by the systematic errors of extract
the anisotropyx function. These errors can be large arou
130 eV, because of the pronounced Cooper minimum.
error bars in Fig. 2 represent the maximum error in the
tensity ratio, as obtained by the fitting procedure of Ref.
and it mainly arises from the uncertainty on the energy s
between theA and B components and their linewidth. Th
intensity ratioI B /I A below and above the phase transition
very similar, confirming that, also in the (A33A3)R30°
phase at RT, there are two inequivalent types of Sn adat
with different bonding geometry~different vertical distances
between Sn and the underneath Ge atom!. Thus the rippled
structure is maintained up to RT. This result differs from th
obtained by SXRD experiments10,9 @where the surface corru
gation was claimed to change from the (333) to the (A3
3A3)R30° phase#, and indicates that the phase transition
Tc;220 K has an order-disorder character.

Since the two spectral components are unambiguously
signed to two adsorption sites with different Sn heights,
can detect any structural modification of the (A3
3A3)R30° phase by simply measuring the Sn 4d spectrum
as a function of the temperature. In particular, an even
mergence of the two spectral components in a single
would be the fingerprint of a displacive transition. We ha
reported in Fig. 3 the line shapes of the Sn 4d core-level
spectra of 1/3 ML of Sn/Ge~111! measured from 120 to 500
K with a photon energy of 198 eV and an emission angle
55° from the surface normal. These spectra have been fi
to Doniach-Sunjic~DS! doublets convoluted with a Gauss
ian. The Gaussian takes into account both the instrume

n
ed
e

FIG. 2. Intensity ratio between the minorityB and the majority
A components of the Sn 4d5/2 core levels at 130 K~filled circles!
and 300 K~open circles!. The data at 130 K have been vertical
shifted by 0.4 units for the sake of clarity. The smoothed data~full
lines! are also shown as a guide to the eye.
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BRIEF REPORTS PHYSICAL REVIEW B 64 193410
broadening~120 meV! and the temperature-dependent ph
non broadening, that is much larger. The free parame
were the energy position of the doublets, their intensities,
Gaussian full width at half maximum~FWHM! ~assumed to
be the same for all the doublets!, the asymmetry of the DS
line, and the branching ratio. The spin-orbit splitting was
to 1.02 eV~according to Refs. 13 and 28 and a polynom
function was used for the background caused by the l
energy tail of the Ge 3d core levels at about 29 eV of bind
ing energy.

Besides theA and B components, a third weak double
was required to fit properly the (333) phase spectra at 12
K. This component is attributed to the Sn atoms surround
Ge substitutional impurities in the (333) overlayer, accord-
ing to the measurements of Uhrberget al.16 We observed tha
the third component intensity decreases by increasing
temperature up to disappearance at 420 K. This is poss
due to limits of the fitting procedure in detecting such a fa
feature when the main components become increasi
broader.16 The energy shift between theA andB components
does not change between 120 and 500 K~see the upper pane
of Fig. 4!, while the corresponding Gaussian width gradua
broadens from;0.3 eV up to;0.5 eV. The Sn 4d core-
level line shape at 500 K is more symmetric and can be fi

FIG. 3. Fit of the Sn 4d core levels with three DS spin-orb
split components in the (333) phase at 120 K, and in the (A3
3A3)R30° phase at 300, 420, and 500 K. The fits yield a Lore
zian width of 0.2 eV with a branching ratio of 0.6360.01 and an
intensity ratio of 0.52–0.6 between theB andA components.
19341
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to a single DS doublet, thus yielding a Gaussian FWHM
;0.6 eV, a value much larger than that of the compone
used to fit the low-temperature spectra.

In order to discriminate between the model with a sing
component at 500 K and that withA andB components, we
have followed the temperature dependence of the Gaus
FWHM of these components in the (333), in the (A3
3A3)R30° and in the (232) phases of Sn on Ge~111!. The
corresponding temperature dependences are reported in
4. The values obtained for theA andB components of thea
phase and for the (232) phase show a linear increase wi
the temperature, with a slope of (0.560.02)
31023 eV K21 and (0.3260.03)31023 eV K21, respec-
tively. This result is consistent with the linear increas
(;0.231023 eV K21) observed for the surface compo
nents of the 3d core levels of the clean Ge~111! surface in a
wider temperature range.27 The fit of thea-phase core levels
with a single component yields a Gaussian width which d
not change with the temperature, while the quality of the
declines as the temperature is lowered~being definitely in-
sufficient already at 300 K!. If the 500-K spectra contained
single component, there would be a jump of;0.2 eV of the
FWHM between 300 and 500 K, with about a threefold i
crease in the temperature derivative of the core-level wid
This implies that the thermal broadening of the Sn 4d core
levels would be strongly nonlinear, in contrast to the data
the Sn (232) phase, the clean Ge~111! surface, and other
semiconductors surfaces.28,29As a consequence, the temper
ture dependence of the FWHM’s reported in Fig. 4 stron

-

FIG. 4. Upper panel: temperature dependence of the energy
between theA andB components as obtained by the fit to the Snd
spectra in Fig. 3. Lower panel: temperature dependence of
Gaussian FWHM as obtained from Fig. 3~open circles!. The filled
circles show the Gaussian FWHM obtained by fitting the spectra
the a phase to a single spin-orbit split component~DS type!. The
Gaussian FWHM of the Sn 4d spectra, taken in the (232) phase at
0.2 ML, is also reported~filled triangles!. Full and dotted lines are
linear fits to the temperature behavior of the FWHM’s.
0-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 193410
supports a deconvolution of the Sn 4d core-level spectra
with at least two DS doublets up to 500 K.

In conclusion, we have measured the temperature and
ergy dependence of the Sn 4d core levels of Sn/Ge~111!. By
means of energy-dependent PED, we found that the ver
distortion, obtained for the two kinds of Sn adatoms in t
LT (333) phase, is also present in the (A33A3)R30°
phase at RT, i.e., the transition at;220 K has an order-
disorder character. In addition, we have shown that the
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components of the photoemission spectra, reflecting the
equivalence of the Sn adsorption sites, are present up to 5
K. This result leads us to discard the occurrence of a disp
cive character of the transition even at temperatures mu
higher thanTc5220 K.
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