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We report on a high-resolution helium atom scattering study of the surface lattice dynamics, for both the
room temperaturéy3x V3)R30° and the low-temperatut8 x 3) structures formed by 1/3 of a monolayer of
Sn on Gé€111). At room temperature a pronounced lowering of the energy of the transversally polarized
phonons along th@ direction is observed for wave vectors in the vicinity@¥0.6 AL, the K point of the
room temperaturéy3 X y3)R30° structure. The temperature dependence of this mode is analyzed between 140
and 300 K. We conclude that the softening of this mode is related witlf\B& yV3)R30°« (3% 3) phase
transition. Phonon distributions curves are determined for both phases and the two high symmetry directions.
The experimental data are explained from the backfolding of the slightly modifiétil®e(1 X 1) Rayleigh
wave and from the modes related to the Sn induced superstructures, in good agreement with first-principles

calculations.
DOI: 10.1103/PhysRevB.71.205402 PACS nuni®er68.35.Ja, 68.35.Rh
I. INTRODUCTION ally a (3 3) structure is observed in the surface. Thereby

A lot of experimental and theoretical effort has been in-the local ord_er is extended over the Wh0|§ surface with Iarggr
vested in studying phase transitions in low dimensionaforrelated dlstances as t.he temperature is fgduced. According
systems. These systems provide insight into many funda-to the dynamical fluctuations model the3 < y3)R30° phase
mental problems in condensed matter phy$#he « phase ~ €an be understood as the result of a vertical vibration of the
of Sn/Gé111) is obtained after depositing 1/3 of a mono- (3% 3) phase at RT. Since the vibration has a time scale of
layer (ML) of Sn onto GéL11). «-Sn/Gé111) exhibits a p!cosecqndips), it can qnly1 be mor_lltored with faster_tech-
temperature-dependent phase transiion ffom (&8 e8 T8 PRRETESEE RN S 8 2O e
X y3)R30° structure at RT tq3x3) at low temperature ’

. . energy electron diffractiofLEED) needs long-range order
(LT)® (see Fig. 1 Sn adatoms occupy in both phasBs  From the structural point of view, surface x-ray diffraction
coordination sites of the unreconstructed(T@d) substrate. (SXRD)>"1" shows that thé3x 3) phase is distorted along

Several different models have been put forward to explaifhe surface normal. One out of the three adatoms that form
the atomistic mechanism of the transition and the structuraie ynit cell is displaced upwards, the other two inwards with
and electronic properties of the phases invol¥€flin par- 3 corrugation of ~0.3 A. The structure of the(\3
ticular, the surface charge density wa®CDW) modef and  x \3)R30° phase is still controversial. Photoelectron diffrac-
the dynamical fluctuations modehave been frequently in- tion (PED)'819 and x-ray standing wavexSW) studie$ fa-
voked to explain the experimental properties of these interyg, the dynamical fluctuations model. SXRD studies at RT
faces. The SCDW model is based on the observation of scagsyor a flat Sn layer with all adatoms at the same hefght,
hing tunneling microscopy(STM) images, where thé3  aithough a corrugated structure had also good agreement
X 3) structure is interpreted in terms of a periodic chargeyith the date The analysis the surface electronic structure
redistribution, possibly accompanied by a small periodic lat-and Sn core levels shows the existence of a split surface band
tice distortion, and stabilized by electron correlation effécts. gnd two components in the Sn core level, both at RT and LT.
Later on, the SCDW stabilization was related to the presencghis similarity of both phases from the electronic point of
of surface defects creating loce8 X 3) patches>'* These view is also well explained by the dynamical fluctuations
patches grow in size as temperature is lowered, finally covmodel41t
ering the whole crystal surfa¢é!* The dynamical fluctua- Theoretical calculations have proposed that a soft phonon
tions modeft sets out from thé3 % 3) structure, which is the  might be behind the instability of a flat phase transifibthe
stable configuration at-100 K. The (3 3) reconstruction  driving force behind the instability of a flat/3x V3)R30°
contains two different kinds of adsorbate atoms, with twostructure. This mechanism has been experimentally con-
different vertical height4:> At RT the (3% 3) structure is firmed using high-resolution helium atom scattering together
maintained, but with a much smaller spatial correlationwith ab initio molecular dynamics calculatioR$It has been
length, because the adatoms fluctuate ragiiifiye scale of 1  shown that the high-temperature phase is a mixture of con-
ps) between the two vertical positions found in tf@x3)  figurations with the same symmetry as the low-temperature
unit cell. These fluctuations become correlated and arstate. Therefore, in spite of the fact that the driving force is a
greatly slowed down as temperature decreases, until eventseft phonon, there is no ordered phase at high temperatures
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to facilitate time-of-flight(TOF) analysis?® The total flight
distance of the He particles from the target surface to the
detector is 1.6985 m. By rotating the crystal around an axis
normal to the sagittal plane, the incident beam angle is
changed and different momentum transfers can be sampled.
The velocity spread of the incident He beddw/v ~ 1%,

for beam energies in the range between 17.5 and 20)riseV
the main factor determining the experimental energy resolu-
tion, while the angular resolution is determined by the detec-
tor acceptance angle, which is about 0.2°.

The Gd111) crystal was cut from a-type polished com-
mercial wafer (£0.5°,p<0.4Q cm). Two molybdenum
clips, serving as electrical contacts for resistive sample heat-
ing, were pressing it to a sapphire crystal which is mounted
onto a high conductivity oxygen free Cu block. The six de-
grees of freedom of the manipulator allow fory, z linear
movements as well as azimuthal, polar, and tilt rotations.
Sample cooling is achieved through a high conductivity oxy-
gen free Cu braid. Two thermocouples are used to monitor
the temperature, one is attached to one of the Mo clips very
close to the sample and the other one to the Cu block. The
minimum sample temperature was 140 K.

The preparation of the G&l1)-c(2X8) surface is per-
formed using a procedure described previoddlyhe sur-
face quality is checked from the high helium reflectivity
(~30% at RT), the peaks sharpness in the helium diffraction
strate atoms and large circles, Sn adatoms. If all Sn adatoms a%atte_ms’ a?d.the ability to reproduce HAS SpeCt.r.a reported
equivalent, the surface displays(éx\e’g)R30° structure; if there previously? S,mce Fhese features are \{ery sensmve' to the
is a height difference for the atoms marked by black and gray shad?f¢S€nce Of impuritie$. Th? sample azimuth was a“g”ed
ings, a(3x 3) structure develops. Bold lines depict the respective@/Ond the high-symmetry directions on the surface with the
unit cells. Bottom: reciprocal space and surface Brillouin zones fofelp of LEED and later by optimizing the HAS angular dis-
the (V3x y3)R30° (bold lineg and (3% 3) (thin liney structures.  tributions.

Labels of the high-symmetry points refer to tie3x \3)R30° Sn atoms were deposited using a Knudsen cell while heat-
structure, high-symmetry directions are shown as dashed lines. ing the crystal to a temperature arour@00 K. During the
deposition the pressure in the target chamber never exceeded

10 H H
and the transition shows order-disorder character at roorﬁxuy mbar. Throughout all the experlments the behavior
temperature and abodé! These results show that the de- of the evaporator turned out to be quite stable and reproduc-

scription of the surface phase transition of Sn on(XG#) ible. The flux of Sn atoms is calibrated accurately by moni-
requires a careful analysfs. toring the intensity of a 1/3 order diffraction peak along the

In this paper, thermal helium scattering experimental re{110] azimuth during the deposition. As shown in Fig. 2, this
sults for both high-symmetry directions are analyzed. Wentensity exhibits a maximum at a coverage of 1/3 ML. Due
present a description of the dynamics of both th&  to the low deposition rate uséd ML/60 min), we estimate
X \E)Rgoo and the(3x 3) phases and show how they are the calibration to be accurate to within +0.01 M defining
modified along the phase transition. The results demonstrate ML as the atomic density on the @41) surface(7.21
the applicability of the above description of the phase tran-< 10** atoms/cri). The maximum of the 1/3 peak intensity
sition. The contribution of the underlying Gel) is taken in Fig. 2 is accompanied by a broad and shallow minimum in
into account by an appropriate folding of the slightly modi- the specular peak intensity curve. The specular curve is too
fied Sn/G¢111)-(1 X 1) Rayleigh wave(RW). broad to be used for an equally accurate coverage determi-
nation.

The quality of the reconstructed Sn/@#&1) surface was
judged by examining the helium diffraction patterns along

The experiments are performed in a high-resolution112] direction[I'K of the (Y3 y3)R30° phasgand[110]
helium-atom scatteringHAS) time-of-flight apparatus with direction[I'M of the (v3x V3)R30° phasg These patterns
a base pressure of 251071 mbar. It features a fixed angle are obtained by recording the scattered intensity on rotating
between the incident and the detected scattered beam tife crystal about the polar angle. Typical angular distribu-
101.8°. The incident beam of He is produced by means of ations of this kind for both phases and the two high-symmetry
adiabatic expansion of the high pressure gas at 110 balirections are plotted in Fig. 3 which will be discussed in
through a 10um aperture. The beam is subsequentlymore detail in Sec. Ill. All these curves display sharp diffrac-
chopped into short pulses before reaching the target chambeion peaks. The full width at half maximuWHM) of the

FIG. 1. Top: real space model of tt{e“‘§>< \e‘“§)R30° and(3
X 3) structures of Sn/Gé&11), small open circles represent sub-

Il. EXPERIMENT
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0 i ture for helium scattering from G&11)-c(2x8) and the (3

0 500 1000 1500 X y3)R30° and(3x 3) phases ofa-Sn/Gd111). The nozzle tem-
Deposition time (s) perature determines the wave vector of the He atoms. Interference
of beams reflected from terraces separated by steps as well as se-
lective adsorption resonances are responsible for the different struc-
tures in these curves. The specular reflectivity of the clean surface is

up to seven times larger than that ®Sn/Ge111).

FIG. 2. Evolution of selected helium diffraction spot intensities
during the deposition of Sn on @d1. The intensities of the
specular beantblack line and of the(%,%) fractional order peak

(gray line anng[lTO], are shown vs deposition time. The substrate

temperature during the deposition was 450 K for an incoming He .
beaﬁw wave vectorgof 6.645& g much different for th€3 X 3) phase at LT. Thus, the average

domain sizes are similar, with an estimated value of

specular peakat ®=50.99 is ~0.15° which is similar to the ~tr2u(2:?u:§e,§i2dicating the formation of well-ordered surface

acceptance angle of our detector. From this number the av S _ L

erage terrace size can be estimated to be at te660 A2 A significant thermal diffuse scattering is observed, sup-

The widths of fractional order peaks coming from thé porting the existence of a certain amount of defects at the
surface, in agreement with previous STM restitsielium

X V3)R30 structure_does not change visibly with tempera'scattering is extremely sensitive to surface defects, and in-

ture, as shown fOﬁ‘llO] direction in F|g 3. The width is not deed the quasie'astic peak dominates the TOF Spm
_ _ also below.
[112] [110]

[lI. RESULTS AND DISCUSSION

100¢ 00) | (B3x3)R30° 0,0 11000

T=300K The evolution of the specularly reflected He signal as a

function of nozzle temperature is measured for(134)-
(1.0 c(2x8) and for the(y3x y3)R30° and(3x 3) phases of
1,00 - {100 a-Sn/Geé111). Typical results of such “drift curves” along

the[112] azimuth are shown in Fig. 4. The incoming beam
wave vectork; is related to the nozzle temperatufg by
, 10 ki=vbm-kg-Ty/%, wherekg is Boltzmann’s constant; is
(3x3) Planck’s constant divided by:2andm is the He atom mass.
©.0) T=140k | ©C° The structure observed in such curves is normally due to
100 (1,0 31000 interference effects of He atoms scattered from terraces sepa-
10 (1,1 rated by steps of various heights. In this case, their shape is
1100 influenced also by selective adsorption resonances, which
(L originate from resonant transitions of the incoming He atoms
10} into bound states of the He-surface interaction potential
{10 well.?> These drift curves were used to choose the optimum
parameters for the experiments. Phonon inelastic measure-
ments are best performed at outgoing angles close to the
specular peak. Therefore the scattering conditions are chosen
FIG. 3. Diffraction peaks in polar angle scans of the He beamSUch that the specular intensity is maximum. For the
intensity scattered from-Ge(111) for an incoming wave vector of SNn/Gé&111) surface this happens at a nozzle temperature of
6.58 AL, The incoming angle is measured with respect to the sur138 K corresponding td=7.54 A (E;=29.7 meV. The
face normal. The two columns contain plots of data measured alongngular distributions shown in Fig. 3 were measured for a
the[112] direction on the left and thEL10] direction on the right. ~ slightly different incoming wave vectork;=6.58 A (E;
Top panels refer to théy3x V3)R30° phase at RT and bottom =22.6 me\j. This value corresponds to a nozzle temperature
panels to the(3x 3) phase at 140 K. Note the disappearance ofof 105 K where thg3 X 3) phase drift curve displays a local
fractional order spots between LT and RT aldigd 2]. maximum.

—_
o

Intensity (103 counts/s)

30 40 50 60 70 30 40 50 60 70
Incidence angle (deg)
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T T " T the phonon inelastic peaks depends on the surface tempera-
[113] ture T. Indeed, they are a sensitive fingerprint reflecting the
8 k.= 6.62 A1 i dynamical changes of the surface across the phase transition.
) Some peakse.g., the ones at 2005 and 24a8, marked by
= 6;=49.85% arrows disappear above the critical temperat(fg). The
% value of T, is ~190 K, and it is estimated from a careful
‘g 61 T K) 1 monitoring of the temperature dependence of the inelastic
S 250 peaks. This value is to be compared to previously found
= values: 215 K(see Ref. 3 ~70 K (see Ref. 12 180 K (for
% 220 domains of 200 A and 217 K(for domains of 400 A6 The
E4r 205 - broad range of critical temperatures foud120 K) can be
190 explained from the existence at the surface of a certain con-
180 centration of hopping defects. A detailed analysis is pre-
170 sented elsewherg.
2} 145 Typical TOF results are shown in Fig. 6. All TOF spectra
1 h 1 . 1 in these plots are converted to an energy transfer scale. Data
1600 2400 3200 for the two reconstructions and the two high-symmetry di-

Time of flight (s) rections are showfsee caption for detailsAgain, the large

FIG. 5. TOF spectra as a function of surface temperature. Thérunc'ated peak in the energy transfe.r spectra IS dqe to diffuse
dat taken alona tha 12l direct ‘ le of incid elastic scattering from defects and is about five times more
ata were taken along tfjé17] directian at an angle of incidence intense than the other peaks, which present clearly resolved

of 49.85° and with helium wave vector &=6.62 A™1. Curves in . ; . ;
this plot are displaced for clarity, labels on the intensity scale referSlngle phonon inelastic events. When comparing the TOF

to the spectrum af=145 K. The largest peak, due to diffuse elastic spectra obtalneq for. they3 x \.“‘3)R30 phase anng_both
scattering, is truncated. Its maximum intensity amountshigh-symmetry directions, we find that the peaks alfhif]

~45 cpsjus. Each TOF spectrum has been integrated over 10 hare more intense and clearly resolved than those 4lbhg],
Peaks related to the3x 3) phase and modified along the phase gyen though in some cases the integration time for the latter
transition are marked by arrows. ones amounted up to 10 h. In the spectra for tB& 3)
phase all peaks are clearly resolved in both high-symmetry
directions.

The positions of individual peaks in the above energy
0t]r_ansfer spectra and the transferred parallel moméata
cording to the incident anglgsgrovide data points for the
surface phonon dispersion curves. Such data are shown in

Figure 3 shows helium diffraction patterns along the two
high-symmetry surface directions far-Sn/Gé111) above
(RT) and below(140 K) the transition temperature, which
have been briefly discussed before. Integer order peaks ¢
respond to the unreconstructed (Bl surface. The same

periodicity is observed in the HAS angular distributions re'Fig. 7 for the(y3x y3)R30° phase and in Fig. 8 for H@
corded along[110] at LT and RT, while along th¢112] x 3) phase.

azimuth all fractional third order peaks disappear at RT. The 5 first approach to explain the form and position of the

relative intensity between the specular and the fractionalitterent branches of the surface phonon dispersion curves
peaks alond110] does not change as temperature is low-shown in Figs. 7 and 8 is to interpret them in terms of back-
ered. This indicates that the corrugation amplitudes of botfolding of the RW of the unreconstructed @G&1) surface
the (V3X y3)R30° and(3x 3) phases are similar, in agree- covered with 1/3 ML of Sn [subsequently called
ment with previous finding&® (1x 1)-RW], which involves the reciprocal lattice vectors

TOF spectra were measured for different scattering con6,;, , of the respective structures. To this end, the dispersion
ditions to determine the low-energy vibrations of curve of the(1x 1)-RW is assumed to be given by a formula
a-Sn/G¢111). In this way, the surface phonon dispersion similar to the one successfully used fofBi1)-(7x 7) (see
curves for the LT(3X 3) and the RT(yV3X y3)R30° phases Ref. 29 and for G€111)-c(2 X 8) (see Ref. 28
are obtained along the two high-symmetry directidhs.

Figure 5 presents a series of TOF spectra measured along 2 _ _
the[112] direction as a function of surface temperatures and ~ AE(Q) = 2 [Csin’(A; - Q) + C, SiM(2A; - Q)
for the same scattering conditions. Up to five inelastic peaks =
are resolved in the spectra. The diffuse elastic peak at .
2205 us is truncated by a factor of five and dominates all the +Cysin(2A;-Q)] [, (1)
inelastic features. The large intensity of the diffuse elastic
peak indicates the presence of defects at the surface. Th
density can be estimated from the spectra showrs5%b. .
On the other hand, the low intensity of the inelastic featurehonon wave vector in A, A1=a/2[101] and A,
made it necessary to employ long measuring tifesl0 h  =a/2[110] are vectors oriented along close packed rows in
for each TOF spectrupin order to achieve sufficiently good the surfacga=5.66 A is the Ge lattice constarand C; are
statistics in the rather weak inelastic peaks. The intensity oparameters adjustable to fit the data. The backfolding is

1/2

"WhereAE denotes the phonon energy in meV aQds the
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FIG. 6. Phonon inelastic peaks in evaluated TOF spectra obtained by He scattering-forfG€111) for a variety of different
incoming angles,, along the two high-symmetry directions, and for two different surface temperatures. The measured spectra are converted
to an energy-transfer scale, where the different valugs détermine different amounts of parallel momentum transferred to the surface. The
spectra are grouped according to experimental conditions. ColurtiR)land 2[140 K, (3 X 3)] present measurements alo[rig.z] with
a He beam energy of 29.7 me¥,=7.54 A™1). Columns 3(RT) and 4[140 K, (3 X 3)] present measurements alc{ﬂg._o], with a He beam

energy of 22.6 meVk=6.58 A™1). Two types of symbols mark single phonon inelastic peaks: filled circles correspond to intense and
well-resolved features and open squares to weaker ones.

achieved by replacin® by %(K -Gpn) WhereK is the de-

—~—rrr [lfl —Tr e .['.1?]. T sired surface phonon wave vector for the reconstructed sur-
12F0, Ko Mo Ky Ty PR, My R My 12 face andG,, are reciprocal lattice vectors of the respective
< 1oF ) 3 phasesG 3x,3)r30° for the (V3 X Y3)R30° andG 3«3, for the
E 2 SO P bt U5 ! (3% 3) phase.
% 8F ™, ,,{ ), E Best fits to all the data in Figs. 7 and 8 were obtained for
g NN it i N ERAN: C,=44 meV, C,=4 me\?, and C;=6 me\2. For compari-
§ F - 1t son, the values obtained for the clean(@d) surface are
;% N
2 _ s [113] (1101
Doy My TN Ty 12F IVE:(N:_I. _3:3)_ My | 3 I_ E3:3 f;m 12
0.0 0.5 1.0 1.5 2.0 0.0 0.5 _ r(mé Wy T oy Thay i Mo
Wave vector Q (A1) > 10F 4 - J10
LI NP 5 S AN P ST
FIG. 7. Surface phonon dispersion curves for Sn(AG#-(y3 o °F )‘E(q' N X1 XK #
X \5§)R30° in an extended-zone scheme along[th&2] direction % 6 N § & o A\ / 6
(left) and the[110] direction (right). Data points are obtained from § 4 - 2 ) ’;' 4
all the TOF spectra measured and the different symbols refer tcé n o 2
strong (filled circles and weak(open squargsfeatures in these 2 _ n - 2
spectra(see Fig. 6. Shaded areas are projections of the Ge bulk ob M N A o Kot | Mo 0
modes onto th€111) surface, bold black lines correspond to the 00 05 10 15 2000 05 10 15 20

Rayleigh wave, according to El), lines correspond to backfold- Wave vector Q (A1)

ing by in-planeG, , reciprocal vectorgsolid lineg, and to out-of- ) )

plane reciprocal vectors of the superstruct(ieoken lines. Gray FIG. 8. Surface phonon dispersion curves toSn/Gé¢111-
lines are calculated dispersion curves from Ref. 21. Also shown ar€3 3) in an extended-zone scheme along [th#2] direction (left)

the Brillouin zone boundaries of thg¢1x1) and the (\3 and the[110] direction (right). Data points, shaded areas and the
X y3)R30° structure as solid and dotted vertical lines, respectivelydifferent types of lines are described in Fig. 7.
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C,=61 meV?, C,=6 me\?, andC;=2 me\? (Ref. 23. The ARALUARLLAE AL 1 Y L L B ¥
resulting dispersion curves for the RW are shown as solid t2p (13 4 p [0 pi2
black lines in Figs. 7 and 8. Not all the data are fit by these 19/3)(‘@ R30 Z_(*BX\B)R-%PQ '
curves. A first, minor effect is that the reconstruction itself 10fTs Ky Myq [Ts My, 10
causes a distortion of the cun®sThe main reason is the ~FS EON ]
appearance of additional modéand the formation of gaps & \D\ Yy
at the Brillouin zone boundari€d,which are not accounted e “BED%@?;—:
for in this approach. 6F = |

The modes related directly to the surface reconstruction
have been calculated previoudlyTwo approaches were AF 7 al
used. In the first one, plane-wave generalized gradient ap- —f
proximation in the density functional theory is used to cal- % 2P ]
culate the frequencies for thE point. In the second, the § YL FTTRTTON
frequencies are obtained by fitting an up to second-nearest- £ 00 04 08
neighbor coupling model to the experimental phonon fre- 5] ——— T 7T
quencies. We compare now these calculations with experi- §12 [112]-(3x3)| T [1T0]-(3x3) {12
mental data along botfi110] and [112] directions. The é T Mlod FTow KodMea
calculated modes from Ref. 21 are represented as gray lines 18 P ___' e — 0
in Figs. 7 and 8. The minimum in the dispersion curve along ':I.:: _ ~ K.
[112] at K\3 occurs atQ=0.60 A%, precisely the critical ® DNERE D &
wave vector value of the soft phonon associated with the 6 [EEHe = BT ° o 6
phase transition predicted in the work of Péetzl 2° ea | 1| °© *’g'“ ¥

Almost all the experimental points of the dispersion 4 B e N B—2 E 4
curves in Figs. 7 and 8 are explained by either the back- [ 1] [ e 2
folded RW or by the calculated modes. The good agreement oF "HWpe'” | ] L2 5" 5
is enhanced when data and calculated curves are plotted in [ =3 113
the reduced Brillouin zones of the respective structural ol 4] I 1 P
phases, as done in Fig. 9. In the case of (th&x \3)R30° 0.00 025 00 02 04

phase, the extra points of the surface modes are well repro- Wave vector Q (A1)

duced along all the Brillouin zone. For tl@ X 3) phase, the . . =~ = .
backfolded points give rise to several bands, broadened b FIG. 9. Surface phonon dispersion data for (8> v3)R30

h | h X h
the experimental error and the superposition due to the back- ase(top panels and the(3x3) phase (bottom panelsin a
folding. The bands are well reproduced, either by the RV\feduced zone scheme along ffd 2] direction (left) and the{110]
— direction (right). Data points and the different types of lines as in

folding or by the calculated bands. Note that along[th&2] g 7.
direction the most intense peaks correspond to the surface
modes, reproduced by the calculations. The small size of thprobed. We refer the reader to Refs. 34-37 for more detailed
(3% 3) Brillouin zone compared to that of bulk terminated treatments.
Ge(11)) requires a very high resolution in the wave vector Displacive transitions are commonly associated to a soft
scale in order to be sensitive to changes. The resolution iphonon, i.e., an optic frequency which tends to zero at the
the present studies is on the ordershK |/|k;| =103 with  phase transition. The displacement pattern of the soft phonon
AK denoting the parallel momentum transfer to the surfacaletermines the structure of the LT phase in a displacive tran-
andk; the wave vector of the incoming He atoms. sition. This description of the origin of the atomic displace-
Temperature dependent structural phase transitions araents in a displacive transition is easy to understand and it is
frequently classified analyzing the order of the two phasesommonly employed. However, we recall that there is no
involved. There are two limiting cases corresponding to disknown system where this simple picture is fulfilled. As stated
placive and order-disorder transitiofts® In displacive tran-  above, a purely displacive behavior is a limiting case. In real
sitions the system evolves from a state with long-range ordesystems, the dynamics of the order parameter is more com-
to another ordered state as the critical temperature is crossegulex than expected for a purely displacive system, and the
The LT state displays a lower symmetry. In order-disordersoft mode frequency never goes to zero, but remains finite at
transitions, on the other hand, the ordered state at LT bahe phase transition point. Furthermore, the softening is usu-
comes disordered at high temperatures, and this highally accompanied by the so called “central peak,” a modifi-
temperature state has, averaged over time, again a higheation of the low frequency distributiof.
symmetry. This simple classification might be helpful, but In the case of two dimensional systems, there are only
real phase transitions usually exhibit a more complex behavew experimental observations of soft modes. We restrict
ior. Indeed, the distinction between displacive or order-ourselves to structural phase transitions on a surface, where
disorder behavior is difficult if the accessible temperaturethe simultaneous softening of a phonon mode is observed.
range is not large enough. This is frequently the case whefihe most important examples are(190),>* H/W(110),%°
only a narrow range around the critical temperature isand H/Mq110.%° In all these cases there is a more or less
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pronounced decrease of the energy of a phonon mode at the I[V. CONCLUSIONS
phase transition. All of them have in common that the polar-
ization of the soft phonon is longitudinal. We note that for

Sn/Ge111) the phase transition is driven by the softening Oflow temperaturg3x 3) phases ofa-Sn/Gé111). The sur-

a trapsverse V|-brat|onal modé.There _has been a Ipng— face phonon dispersion curves for both phases and high-
standing polemics on the nature of th8 phase, specially symmetry directions are determined. Experimental results
because in some early studies it was described as a *flafire well reproduced either by backfolding the Rayleigh wave
adlayer of atoms, while the3x< 3) phase would be slightly o the G&111) surface, or by specific surface modes. The

corrugated. This is the scenario of a phase transition whicljescription of the phase transition agrees with the predictions
would be fairly well described by a simple displacive model. of the dynamical fluctuations model.

Different structural and electronic studies support that in the

V3 phase Sn atoms vibrate vertically aroui3 3) equilib-

rium positions® This phase is not flat, unless observed with a ACKNOWLEDGMENTS
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