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Defect-induced localized lattice distortions in SnÕGe„111…

L. Petersen
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6057

Ismail and E. W. Plummer
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6057

and Department of Physics and Astronomy, The University of Tennessee, Knoxville, Tennessee 37996
~Received 25 September 2001; published 13 December 2001!

The gradual (A33A3) to (333) phase transition of the Sn/Ge~111! system nucleates at substitutional Ge
defects in the Sn layer, as observed by scanning tunneling microscopy~STM!. We offer an interpretation of the
STM images in terms of frozen defect-induced localized phonon modes, resulting in local lattice distortions
with (333) symmetry. Furthermore, we speculate on the nature of the phase transition.
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The Sn/Ge(111)(A33A3)R30° phase~see Fig. 1! cre-
ated by depositing approximately 1/3 of a monolayer of
on the Ge~111! c(238) surface undergoes a gradual stru
tural phase transition to a (333) phase upon cooling slightly
below room temperature. There seems to be consensus a
the structure of the low-temperature phase, with one Sn a
per unit cell displaced outwards and two inwards, as de
mined by low-energy electron diffraction~LEED! and sur-
face x-ray diffraction ~SXRD!,1–3 and photoelectron
diffraction.4 This structure is also supported by scanning tu
neling microscopy~STM! images.5–8 Local density approxi-
mation~LDA ! calculations find that the one Sn up, two dow
structure is marginally stable compared to a flat (A33A3)
structure ~by 5–9 meV/atom!.9,10 The two-component
Sn 4d core-level9,11,12 and the two dispersing surfac
bands9,13,14also support this picture. The precise structure
the room-temperature (A33A3) phase and the nature of th
phase transition are still a matter of some controve
STM5–7 and LEED/SXRD1–3 indicate that all Sn atoms ar
equivalent, i.e., the surface is flat, whereas electro
spectroscopies9,11–13 find no significant difference betwee
the (333) and (A33A3) phases, which cannot be readi
explained assuming a flat (A33A3) phase.

STM is unrivaled in that it offers a unique opportunity
study local ~defect-induced! perturbations of a surface, re
vealing instabilities of the system. STM studies of the role
substitutional Ge defects have demonstrated that they pla
important role in the transition.6,7 The Ge defects create loca
(333) patches, the sizes of which increase as a function
decreasing temperature. Analysis of the STM results furth
more suggests that in the absence of defects, the phase
sition may still take place, at a temperature of approximat
70 K.6 Since STM images to first order are maps of t
surface charge density and because filled-state and em
state images are complementary, these local modulat
have implicitly been assumed to be electronic rather t
structural in nature and have been interpreted as Friede
cillations, that in the low-temperature phase evolved int
charge density wave~CDW!.6 Melechkoet al.15 have been
able to succesfully model the STM images using a ‘‘cha
compensation model’’ that contrary to the CDW picture e
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phasizes nearest-neighbor interactions, and they have sh
that this model can be mapped onto a Ginzburg-Landau
scription of the phase transition.

Recently, in a theoretical paper Pe´rezet al.have proposed
that a soft phonon mode is responsible for the ph
transition.16 The soft phonon is located at theK̄-point of the
(A33A3) surface Brillouin zone~SBZ! ~see Fig. 2!, and
corresponds to one adatom per (333) unit cell being dis-
placed in one direction, and two in the opposite directio
When the mode is frozen, this corresponds to the (333)
phase. In this paper, we demonstrate that the STM ima
showing local (333) patches developing around substit
tional Ge defects can be explained within Pe´rez and co-
workers’ simple nearest-neighbor force model as frozen
calized phonon modes.

In order to proceed, let us briefly recall what a soft ph
non is. Assuming a simple harmonic potential, let the d
placementuk(R) of an atom from its equilibrium position a
lattice siteR be given by

uk~R!5u0exp$ i @k•R2v~k!t#%, ~1!

wherev(k) is the phonon dispersion relation. A soft phono
corresponds to a dip in the phonon dispersion, i.e., at a g
k-vector the energy of the corresponding lattice vibration

FIG. 1. Ball model of the (A33A3)R30° phase. The (A3
3A3) unit cell is indicated.
©2001 The American Physical Society01-1
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very low. If v(k) becomes zero, it follows from Eq.~1! that
the associated displacement becomes static—the soft ph
is said to be frozen, resulting in a static lattice distorti
commensurate with thek-vector of the soft phonon.v(k)
may also be imaginary, indicating that the crystal is unsta
towards disturbances with the given wave vector.

With this in mind, we shall find that the soft phonon pi
ture of Pérezet al.16 can be reconciled with the experiment
findings. First, Fig. 2 illustrates that theK̄-point of the (A3
3A3) SBZ corresponds to a (333) reciprocal lattice vector
Thus, at low temperature, a static (333) reconstruction of
the surface can be viewed as the result of the freezing
soft phonon located at theK̄-point. This is exactly where
Pérez and co-workers find a soft, transverse phonon tha
frozen at 0 K @since the LDA ground state is the (333)
structure# with one Sn up, two Sn down. As the temperatu
rises, the phonon dispersionv(k) is ‘‘renormalized’’16 and
the phonon energy at theK̄-point is no longer zero, but low
compared with other modes. Effectively this means that
Sn atoms~in fact entire tetrahedrons consisting of the
atom and the three underlying Ge substrate atoms16! easily
vibrate perpendicularly to the surface, and the motion is c
related resulting in local (333) symmetry because the pho
non mode with the designatedk-vector is the most popu
lated. This explains why spectroscopies~core-level and
valence band! do not see any major difference between t
two phases: they operate at a very fast time scale and s
shots of the surface even at room temperature~RT! will have
(333) structure because of the soft phonon. STM,
the other hand, sees the average picture: a flat (A33A3)
structure.

It is well known that the introduction of an impurity atom
in an otherwise perfect lattice leads to the existence o
localized phonon, i.e., a lattice vibration that is spatially
calized around the impurity atom.17,18The remaining phonon
spectrum is virtually unchanged. In a simple linear ch
model with a light impurity, the real part of the wave vect
of the localized phonon is found at the zone boundary,
the phonon energy is slightly higher than the top of t
acoustic branch.17,18 The larger the energy difference, th
more localized is the impurity phonon mode. Also in t
two-dimensional case localized phonons associated with
purity atoms may show up at the zone boundary. To illustr

FIG. 2. The surface Brillouin zones of the (A33A3) ~black!
and (333) ~gray! phases. Notice that the (333) reciprocal lattice

vector corresponds to theK̄-point of the (A33A3) SBZ. Also no-
tice that the rotational symmetry is threefold, not sixfold.
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this in the present case of Sn/Ge~111!, we adopt the simple
force constant model presented by Pe´rez and co-workers.
Following Ref. 16, the dispersion of the transverse verti
phonon is given by

Mv25a16b2b(
j 51

6

cos~ ik•dj !. ~2!

Here, the vectorsdj , j 51, . . . ,6, are the sixfirst nearest-
neighbor vectors in the two-dimensional hexagonal latticea
is the spring constant of the spring holding the adatoms
the surface, andb is the spring constant of the spring co
necting to the nearest neighbors. From their LDA calcu
tions, Pe´rezet al.16 find 3b/a521/3. The negativeb value
corresponds to a repulsive interaction along the surface
mal between nearest neighbors. If this dispersion relatio
plotted along theḠ-K̄ line of theA3 SBZ, the result is a sof
phonon exactly at theK̄-point, as shown in Fig. 3 of Ref. 16
~notice thatK̄8 of Ref. 16 corresponds to ourK̄).

Now, in a simple picture of a localized phonon the amp
tude should decay exponentially with distance from the i
purity, i.e., in our case the displacement should be of
form

zj5uexp~ i @k•Rj2vt# !exp~2uRj2R0u/ l !, ~3!

whereR0 is the location of the defect. However, with th
choice the dispersion relation is not easily derived anal
cally. Instead, we examine the existence of a phonon
decays in the direction of propagation by means of a co
plex k-vectorkR1 ikI , wherekRikI . The dispersion relation
is then given by

Mv25a16b2b(
j 51

6

cos~kR•dj1 ikI•dj !. ~4!

As it turns out, the conditionv2PR and requiringkR to be
on theḠ-K̄ line of the (A33A3) SBZ leads to

l 5
a

2 H lnF 21

2 coskRxa/2
1A 1

4 cos2 kRxa/2
21G J 21

,

~5!

FIG. 3. The decay length,l, for a localized phonon, plotted
along theḠ-K̄ line of theA3 SBZ.
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where l 51/kI , and a is the Sn–Sn distance in the (A3
3A3) phase. Figure 3 shows a plot ofl as a function ofkRx .
Evidently, for most decay lengths, a localized phonon c

only exist forkR54p/3a, which is exactly theK̄-point. With
parameters corresponding to a soft (333) phonon that is not
yet frozen, this localized phonon splits off the bottom of t

phonon band at theK̄-point, becoming the mode with th
lowest energy in this part ofk-space. No bulk modes with

similar energy exist at theK̄-point. This is indeed very sug
gestive of the existence of a phonon mode spatially locali
around substitutional defects, with the correct (333) sym-
metry. Solving the linearly coupled force equations lead
to Eq. ~2!, requiring harmonic motion of the atoms and a
suming a lower mass as well as a different spring constana
of the impurity atom, confirms this. An example is shown
Fig. 4. The fact that the localized phonon has lower ene
than the rest of the phonon band indicates that it may fre
and become a static, localized lattice distortion at hig
temperatures than the surface as a whole. Such a local
tortion has also been suggested in the case of a vacanc
Si~111!.19

Thus, it seems clear how to interpret the STM images t
reveal that substitutional Ge defects act as nucleation cen
for local (333) patches.6,7 The ‘‘amplitude’’ of the (333)
patch around a given defect decays exponentially with
tance from the defect, and the decay length increases
decreasing temperature.6,7 With the above comments in
mind, the patches are identified as localized phonon mo
that are frozen and have become static defect-induced la
distortions, allowing the STM to detect them. As the phonon
band is ‘‘renormalized’’ as a function of temperature, t
energy difference between the localized phonon and the
of the phonon band varies with temperature, and con
quently so does the decay length.

The simple force constant model does not predict
‘‘phase’’ of the localized lattice distortion, i.e., it does n
predict whether the (333) phase has one Sn up, two dow
or vice versa. From experiments2–4 it is known that the
ground state in the presence of defects is one Sn up,
down, and LDA calculations9,10 for the clean surface als
find this to be the ground state. For the case of locali
lattice distortions, STM images are best modeled if subst

FIG. 4. Solution with periodic boundary conditions an
a impurity50.85a. The height scale is black~low! to white ~high!,
and the defect is marked with an asterisk.
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tional Ge atoms create two Sn up, one down patches.6 This
might seem to contradict that the fully developed (333)
phase has one Sn up, two down. However, since the
33) phase has three Sn atoms per unit cell, there are t
different positions that a substitutional Ge defect can occu
and if two Ge atoms are on different subsites, the result
pattern is in fact one Sn up, two down, as illustrated in F
5 and previously discussed in Refs. 6, 7, and 15. The a
nating height pattern of the six nearest neighbors aroun
defect that is clearly seen in Fig. 5 is also found in the e
perimental STM images.

The defects interact with each other via these localiz
phonon modes, giving a hint to the forces responsible for
observed defect-density wave at 105 K:7 if the defects are
constrained to be on two out of the three positions in
(333) unit cell, the resulting pattern corresponds to t
ground state with one Sn up, two down.

A detailed description of the phase transition in terms
the interacting defects has been given by Melechkoet al.,15

using what is called a charge compensation model. The b
feature of the model is that the charge of a Sn atom depe
on the charge of its six nearest neighbors, with a nega
coupling: the more positive charge on the neighbors,
more negative charge on the atom in question and vice ve
This obviously corresponds to a repulsive nearest-neigh
interaction as assumed in the simple force constant mo
discussed above. As also mentioned in Ref. 15, in the ch
compensation model one may interpret ‘‘charge’’ as ‘‘vertic
position,’’ and hence the description of the phase transit
given by Melechkoet al. is also applicable to the localize
phonon picture. The main difference between the cha
compensation model and the localized phonon model is
underlying mechanism, although the resulting phenom
are similar.

It would seem that we have a consistent interpretation
the available data using the soft phonon picture. Recent
published LDA calculations20 do not seem to contradict thi
view. However, a few problems remain. Although structu
techniques such as SXRD find the average position of the
phase to correspond to a flat (A33A3) phase, one also get
information about the vibrational amplitudes. On the basis
their SXRD data, Bunket al.3 could rule out the large RT
vibrations predicted by the soft phonon model. Their mo

FIG. 5. Solution with periodic boundary conditions an
a impurity50.89a for the two impurities, resulting in a larger deca
length than in Fig. 4. The height scale is black~low! to white~high!,
and the defects are marked with asterisks.
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did not consider the effects of substitutional Ge defe
and thus assumed a homogeneous (A33A3) phase.
From new unpublished SXRD data with access to a lar
part of the crystal truncation rods, Avila and co-worker21

conclude that a structural model incorporating large vib
tions gives the best fit to their data. Also, Kidd an
co-workers14 have observed three surface bands in the (A3
3A3) phase.

Finally, we briefly discuss the soft phonon idea in relati
to the characterization of the phase transition. Soft modes
generally associated with displacive phase transitions,22 and
recent He scattering data are interpreted to be in favor o
order-disorder transition.23 However, it is important to real-
ize that the distinction between the two types is not nec
sarily clear,22 and in large temperature regimes a displac
phase transition may give rise to order-disorder-l
dynamics.22 An example of this was found in a similar pha
transition controversy over thec(232) reconstruction of
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W~001!.24 It seems clear that an important experiment to
is measuring the surface phonons of Sn/Ge~111! as a func-
tion of temperature to verify or disprove the existence o
soft phonon. Notwithstanding, for defects to create local d
turbances with a symmetry corresponding to the lo
temperature phase at temperatures above the critical
perature of the pure system is a known phenomenon
systems with a ‘‘displacive’’ phase transition.22,25 One may
speculate that the inevitable presence of defects, stabili
local patches of (333) phase, make the transition look mo
order-disorder-like in the case of spectroscopic meas
ments as compared to an imaginary pure system.

This research was funded by National Science Founda
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