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The SnyGe(111) interface has been investigated across the3 3 3 !
p

3 3
p

3 R30± phase transition
using core level and valence band photoemission spectroscopies. We find, both above and below the
transition, two different components in the Sn4d core level and a band splitting in the surface state
crossing the Fermi energy. Theoretical calculations show that these two effects are due to the existence
of two structurally different kinds of Sn atoms that fluctuate at room temperature between two positions
and are stabilized in a3 3 3 structure at low temperature. [S0031-9007(98)08264-7]

PACS numbers: 79.60.Dp, 71.15.Pd, 73.20.At
al
.
c-
i-
e
at
m-
we

p-
ed
In
is
nt
i-
-
te

For
a

us-
h
v-

ly
n-
or
s-
op
ny
ny

nly
ce
The investigation of phase transitions in low
dimensional surface systems provides insight in seve
fundamental fields of condensed matter physics [1
due to the variety of different mechanisms which ma
act as the driving force behind the phase transitio
Carpinelli et al. [2] have recently reported a surface
phase transition from the room temperature (300 K, R
a

p
3 3

p
3 R30±-PbyGes111d phase [3,4] (in the follow-

ing a
p

3) to a3 3 3 structure at low temperature (100 K
LT). They proposed that the structural phase transition
due to the stabilization of a surface charge density wa
[5,6] due to Fermi surface nesting. They stressed t
critical role that electron correlation effects could pla
in the stabilization of the LT phase, which was foun
to be semiconducting, in contradiction with the metalli
character predicted from a simple electron counting. A
investigation on the closely related SnyGe(111) system
[7] revealed that, although the same phase transition w
observed, the Fermi surface nesting did not play a role
the phase transition. Thus, it was suggested that ma
body effects were of importance in the ground state of th
system [7,8]. These experiments showed, however, th
the surface remains metallic across the phase transition

In this work we present a combined experimental an
theoretical study of the origin of the phase transitio
in SnyGe(111). State-of-the-art angle-resolved ultraviol
photoemission has been used to investigate in detail
electronic structure of the valence band and the core lev
of SnyGe(111). We find, both at LT and RT, two differen
surface states close to the Fermi energy (EF) and two
different components in the Sn4d core level line shape,
associated with the adatom Sn layer. We have analyz
theoretically this behavior by means of detailed densit
functional theory (DFT) calculations. From these studie
we conclude, at variance with previous results [7,9], th
the LT 3 3 3 phase presents two structurally different S
atoms, with a vertical distortion of,0.35 Å. The 3 3

3 ! a
p

3 transition is explained as a dynamical effec
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in which inequivalent Sn atoms interchange their vertic
positions, without having to resort to many body effects

The experiments were performed in an ultrahigh va
uum chamber equipped with an angle-resolving hem
spherical analyzer receiving synchrotron light from th
SU6 beam line of the Super-Aco storage ring in Orsay
the Spanish-French station. For more details on the sa
ple preparation and the characteristics of our apparatus
refer the reader to Ref. [10].

The stabilization of a3 3 3 reconstruction from the RT
a

p
3 unit cell means that inequivalent Sn atoms must a

pear at LT. One suitable tool to analyze this expect
asymmetry is core level photoemission spectroscopy.
this technique, the line shape of inner core levels
obtained. The existence of components with differe
binding energies is related to a different chemical env
ronment (initial state effect). Different screening prop
erties may also affect the binding energy (final sta
effects) [11]. The4d core levels of Sn were monitored
along the adsorption process on Ge(111) (see Fig. 1).
a coverage of 0.25 monolayers (ML), Sn atoms form
well ordered structure with a2 3 2 symmetry in the low-
energy electron diffraction (LEED) pattern. Following
standard procedures [12,13], the core level was fitted
ing a single component with an intrinsic Lorentzian widt
of 220 meV (Gaussian broadening 320 meV). For a co
erage of 1y3 ML, LEED shows ana

p
3 reconstruction at

RT and a3 3 3 pattern at LT. The Sn4d line shape for the
a

p
3 reconstruction is much broader [12,14] and can on

be reproduced using two components (Fig. 1). The inte
sity ratio between the two components is close to 1:2 f
1y3 ML coverage, and is not sensitive to the polar emi
sion angle, indicating that both come from the adatom t
layer. We can also discard the fact that they are due to a
kind of defects, since the line shape was the same for ma
different preparations [12]. At the LT3 3 3 phase, both
components are preserved (see Fig. 1), and there is o
a small change of their relative intensities. The existen
© 1999 The American Physical Society
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FIG. 1. Sn4d core level for different surface reconstructions
From bottom to top, the core levels found for the2 3 2, a

p
3,

and3 3 3 reconstructions.

of two distinct components in the core level at LT mean
that two inequivalent kinds of atoms exist at the surface
the3 3 3 reconstruction, as expected, but surprisingly th
two kinds of atoms subsist at RT.

A similar behavior is observed in the valence ban
The experimental valence band data for LT are presen
in the lower panel of Fig. 2 (right). A scheme of the
reciprocal space direction probed is shown in the to
panel of Fig. 2. We concentrate here on the data obtain
for the surface band in the vicinity ofEF and for the
third Brillouin zone. Each Sn atom contributes with fou
electrons to the valence band and bonds to three Ge ato
with one unpaired electron each. One would expect fro
electron counting arguments the existence of a half-fill
surface band. The broad peak detected in the vicinity
the Fermi level is due to this dispersing surface ban
However, the asymmetric line shape found reveals t
existence of two close surface bands at LT. The surfa
peak has been deconvoluted in two components in Fig.
We used a Voigt line shape for the peaks, convoluted w
a Fermi function, and ax2 fitting procedure to reproduce
the line shape of the peak area. The fitting paramet
of the two peaks were obtained from the spectrum a
29± emission angle, where the two components are b
distinguished, and they were maintained in all the serie
The intrinsic widths found (,300 meV) are 3 times larger
than our experimental resolution, indicating that the
constitute an intrinsic property of the electronic state
The existence of a split surface band is not predicted
previous DFT calculations [7]. The left panel of Fig. 2
shows a comparison with equivalent RT spectra. Rath
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broad peaks were observed at RT, suggesting that
splitting is preserved, but it is hardly resolved. This
clear from the spectrum taken at,K2 (27± off). The
corresponding binding energy (BE) vs parallel momentu
plots are shown in the middle panels of Fig. 2. Note th
parabolic dispersions both at RT and LT.

In order to understand the splitting of the valence ba
and the existence of two components in the Sn4d core
level, we have analyzed theoretically this interface b
means of a combination of local-orbital and plane-wav
(PW) DFT methods. First, we have explored the geome
of the3 3 3 surface using an efficient molecular-dynamic
(MD) technique based on a local-orbital self-consiste
DFT approach (theFIREBALL96 code) [15]. The ground
state 3 3 3 geometry found with this method present
a unit cell with one Sn atom displaced upwards and t
other two Sn atoms displaced downwards, with a to
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FIG. 2. Bottom panel (right): Valence band spectra (fille
circles) of 3 3 3-SnyGe(111) as a function of emission angle
(hn  32 eV). The lines represent the two components o
served and their sum. Bottom panel (left): A comparison
selected spectra at RT and LT vs emission angle (hn  32 eV).
Middle panels: Binding energy vs parallel momentum for th
experimental bands (filled circles, empty circles are less-inten
peaks) at RT and LT and the theoretical LDA calculatio
(lines). Top panel: Reciprocal space area probed. Symm
try points belong to thea

p
3 unit cell.
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vertical distortion of,0.35 Å. The corresponding verti-
cal distortion of the Ge last layer atoms is,0.20 Å, the
Sn-Ge distance being quite similar (2.68–2.74 Å) for bot
types of Sn atoms. In these calculations the3 3 3 recon-
struction is lower in energy than thea

p
3 by 40 meV per

Sn atom. The accuracy of these results has been chec
using the more rigorous PW DFT method [16]. This
method is very demanding in computational resourc
and, therefore, has been used here only to test and re
the FIREBALL96 results. Both the local density approxi-
mation (LDA) and the generalized gradient approx
mation have been used, and they provide very simil
results for the geometries and for the total energy diffe
ences between thea

p
3 and3 3 3 reconstructions. The

PW calculations confirm the local-orbital results. Both
structures are local minima of the total energy and the
geometries, in particular, the vertical distortion of the S
atoms, are very similar to the ones found by the loca
orbital method. The3 3 3 structure is the most stable one
although the absolute energy minimum for it is found onl
5 meV per Sn atom below the energy minimum of thea

p
3

reconstruction [17].
In Fig. 2 we compare the occupied LDA-surface band

(obtained withFIREBALL96) with the experimental bands
at LT. Another empty band, not shown in the figure
appears 0.15 eV aboveEF . The experimental band
topology is well reproduced by the theory, although a shi
of 0.2 eV is found between both cases. In particular, th
experimental splitting is reproduced, and we find for th
3 3 3 reconstruction a surface band crossingEF along
the GM line. The atomic origin of the surface bands
can be traced back to the corresponding Sn dangli
bonds. The band with higher BE, filled by two electrons
is mainly weighted on the Sn atom displaced upward
while the two surface bands with lower BE, occupie
only by one electron, are associated with the other tw
Sn atoms displaced downwards. This charge trans
between surface bands explains the energy gain betwe
the 3 3 3 and the a

p
3 structures, although we have

to emphasize that thetotal charges in the different Sn
atoms for the3 3 3 structure are very similar. The
reason for this is that the valence charge, localized belo
the valence-band maximum, tends to screen that cha
difference associated with the Sn dangling bonds.

Correlation effects on the surface bands for the3 3 3
reconstruction can be important [7,8]. In fact, the widt
of the surface bands,,0.2 eV, is small compared with
the effective intrasite Coulomb interaction,U, that we
have calculated to be 0.55 eV for the Sn dangling bond
This is obtained using a restricted LDA calculation [18]
by changing the filling factors of the surface band
and calculating its effect on the surface band level
Then, correlation effects can be calculated using a loc
self-energy [19]. This analysis shows, however, tha
correlation effects tend to modify substantially only th
empty surface band given by the LDA calculation, leavin
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practically unmodified the two bands shown in Fig. 2
Therefore, correlation effects do not modify the metallic
character of the3 3 3 structure.

In the next step, we have studied the effect of temper
ture and the3 3 3 ! a

p
3 transition, by means of first-

principles MD simulations. First, we have calculated the
critical temperature (Tc) of the phase transition by using
a simple Ising model with a triangular lattice and by
fitting the nearest-neighbor interaction in the model to
the energy difference between the two structures,DE.
This model yieldsTc  240 K (30 K) for DE  40 meV
(5 meV), depending on the values of the two calculation
discussed above; the experimentalTc is ,210 K. This
result suggests that, although the intrinsic precision o
the LDA approach is probably not enough to calculat
DE with the high accuracy needed, the MD simulation
commented on below (for whichDE  40 meV) provide
a qualitative description of the dynamics of this system.

In the different MD simulations, we start with the
atoms in the same3 3 3 ground state positions, but with
random velocities chosen, in each case, from a differe
Maxwell-Boltzmann distribution. Then, we follow the
time evolution of the system using LDA forces in a typica
MD simulation [15]. Figure 3 shows the time evolution
of the z coordinate (perpendicular to the surface) of the
three Sn atoms in the3 3 3 unit cell for the temperatures

FIG. 3(color). Time evolution of thez coordinate (perpen-
dicular to the surface) of the three Sn atoms (blue, red
and black lines) in the3 3 3 unit cell for the temperatures
T , 125, 250, and 500 K in the MD simulations.
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T , 125, 250, and 500 K. ForT , 125 K, the Sn
atoms fluctuate around their equilibrium positions, one
higher z (blue) and two at lowerz (red and black). For
T , 250 K an upper Sn atom and one of the two lowe
Sn atoms exchange heights. ForT , 500 K the system
fluctuates very quickly, with the Sn atoms exchangin
between the upper and lower heights.

These results show that the Sn layer at RT or abo
keeps memory of its LT ground state, and that the pha
transition can be described as the dynamical evolution
a floating Sn layer with the atoms located instantaneous
at high temperature, in one of the two predomina
positions, defined by the LT phase. This scenario
able to explain the experimental data available: (i) Firs
in scanning tunneling microscopy (STM), individual Sn
atoms are seen at RT, on the average, at the same he
the surface presenting ana

p
3 reconstruction [7]. (ii) In

photoemission experiments, the spectra appear at RT
an average of the different geometries that are domina
by the local3 3 3 environment that we have found a
LT. This suggests that the surface bands should appea
RT as in the LT case, as shown in Fig. 2, with a strikin
similarity between both cases. (iii) Finally, core level BE
shifts at high temperature should also show the two-lev
peaks associated with the two Sn sites observed at L
as seen in Fig. 1. Since the photoemission process ta
place in a subfemtosecond time scale, the two extrem
positions of the fluctuating Sn layer are still detected
RT. This behavior is similar to the one found for the
analogous case of Si(100) along thecs4 3 2d ! 2 3 1
phase transition [20,21]. The relative intensities of th
two core level components are in agreement with th
model. The core level component shifted to lower B
(higher kinetic energy in Fig. 1) has twice the weight o
the other one. This is consistent with our interpretation
thea

p
3 reconstruction, if we realize that these core lev

shifts are dominated by a final-state relaxation effect [22
This is due to the metallic character of the surface ban
associated with the two Sn atoms displaced downwards

Concerning other experimental data, our results agr
with the complementarity of the STM images observe
with positive and negative sample biases at LT [7]. STM
images depend both on the local density of states and
tip-atom distance. Although the downward Sn atoms a
located0.35 Å below the upward Sn atom, the relation
between the hole density of states associated with t
two sites (which is mainly localized in the downward
atoms) more than compensates for the difference
height, producing a corrugation complementary of the o
imaged with the negative bias.

In a recent structural investigation, Baddorfet al. [9]
have found that the SnyGe interface contains two kinds
of Sn atoms at LT. They conclude that a large roo
mean square vibrational displacement is expected for bo
structures, in agreement with the model proposed he
although they found a negligible vertical distortion a
at
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LT. This conclusion was mainly based on the analys
of a limited reciprocal space portion for3 3 3 rods. A
structural study on PbyGe(111) and SnyGe(111) [23],
where a much larger reciprocal space range was analyz
reveals, however, an excellent agreement with the mod
proposed here for SnyGe(111).

We conclude that the3 3 3 phase is due to a reordering
within the SnyGe layer giving rise to two inequivalent
Sn atoms. This structure explains the existence of tw
components in the Sn4d core level and in the surface
state band crossingEF . The dynamical fluctuations of
this overlayer at RT give rise to the observation of a
a

p
3 structure.
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