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Order-disorder transition of the (3X3) SwWGe(111) phase
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We have measured the long-range order of éhphase of Sn on the GEL] surface throughout the (3
XS)H(\/§X \/§)R30° phase transition. The transition has been found of the order-disorder type with a critical
temperaturel .~220 K. The expected three-state Potts critical exponents are shown to be consistent with the
observed power-law dependence of thex® order parameter and its correlation length closd o thus
excluding a charge-density wave driven phase transition.
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Growing attention has been drawn during the past fewXRD measurements. The Sml4ore level spectrum associ-
years to then phase(1/3 monolayer of both Pb and Sn on ated with thea phase, can be fitted with two components
Ge(111), which undergoes a transition from the room- (with intensity ratio ofl1:2), which have been attributed to
temperature (RT) (y/3x+/3)R30° phase to the low- the two types of Sn atoms in the LT ¥33) phasé™*>~
temperaturéLT) (3 3) one. On the basis of scanning tun- The same two components are found for both the LT and RT
nelling microscopy(STM) experiments, this transition was phases, i.e., the vertical ripple is expected to remain also at
claimed to be the manifestation of a surface charge-densitthe RT (y3X 3)R30° phasé®'61819This result clearly
wave (SCDW), i.e., a periodic redistribution of charge, pos- points to an order-disorder character of the transition. In ad-
sibly accompanied by a small periodic lattice distortion,dition, a model based on molecular dynamics calculations
which determines a change of the surface symntefffhis  has shown that the Sn atoms can jump between the two
model interpretation would imply relevant effects of elec- height levels, but the ratio between the number of up and
tronic nature, such as magnetism of the LT pRas®l elec- down atoms remains equal to 1:2, even above the transition
tron correlation effect3 As further experiments with differ- temperature, where the jumping rate would be beyond the
ent techniques were being performed to explore theSTM time resolutiort®
properties of this system, increasing doubts were cast about Most strikingly, all the experimental efforts for discrimi-
the SCDW model. The research was then focused on theating among the possible transition models have been de-
determination of the atomic structure of the RT and LTvoted to the determination of the local atomic structure of the
phases, in an effort to discriminate between different transitwo Sn phases. To our knowledge, the diffraction techniques
tion models, as well as on the study of the role played by(both electrons and x raysave not been employed to quan-
defects, which were seen to stabilize the LT pfdsend to titatively study the temperature behavior of the diffraction
determine a metal to semiconductor transitfon. pattern, i.e., of the surface order parameter that describes the

At present, the atomic structure of the LT X3) Sn/  thermodynamics of the whole system. We have thus per-
Ge(111) phase has been determined with a substantial agreéermed He atom scatterinHAS) experiments to directly
ment between x-ray diffractioftXRD)%*° and photoelectron measure the surface order parameter, thus characterizing the
diffraction’! measurements. The Sn atoms occupy The phase transition. This experimental technique is only sensi-
sites above the G#&11) lattice, but one Sn atom, out of three, tive to the surface charge densitike STM), in addition it is
per unit cell, is vertically displaced by 0.3 A in the out- a long-range order probe and offers the advantage of a short
ward direction. This distortion strongly affects the substratenteraction time (10% s).
lattice too, where the three nearest-neighbor Ge atoms are The experiment has been performed with a compact HAS
found to follow the Sn atom in its vertical displacement. Theapparatus which is described in more detail elsewffere.
most recent calculations in the local-density approximatior20.1-meV He beamk=6.3 A~1) has been used for the
reproduce quite exactly this vertically rippled structtfé? present measurements; the corresponding instrumental reso-

The RT phase structure is a more controversial issue. Thieition and angular reproducibility yield a transfer width ex-
analysis of the most recently published XRD measurementseeding 1200 A. The measurements have been performed
slightly favors a structure where the vertical ripple disap-on different samples from the same (GEL) wafer. The sur-
pears and the Sn atoms occupy equival€ptsites at the face has been cleaned by 1-keV*Aion bombardment and
same height level.On the basis of this observation, and annealing up to 1100 K, thus obtaining a gat{@x 8) pat-
taking into account the strong distortion of the substrate tootern. Sn has been evaporatedat;=1220 K from a Knud-

a short interaction range displacive phase transifgs@eudo- sen cell hosted into a liquid-nitrogen cryopanel. The base
Jahn-Teller distortionappeared to describe the system be-pressure never exceedek 10 ° mbar during evaporation
havior more adequately than a long interaction rangeand remained at 2 10 '° mbar during the measurements.
SCDW!* On the other hand, the spectroscopic measurements For the preparation of the (33) phase of Sn on G&11),

give a result that seems incompatible with both the STM andve have followed a procedure slightly different from the
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FIG. 2. He diffraction patterns (k=6.3 A~1) taken from the

a phase of Sn on G&11) at 140 K. Upper panel: measurement
along the[110] direction, the intensity is on a logarithmic scale.
The fractional order peaks can be equivalently labeled as
[+(n/y3),0], relating to the (3x\3)R30° phase, or
[£(n/3),%(n/3)], when relating to the (& 3) phase. Lower panel:
measurement along thd12] direction. The fractional order peaks
[£(n/3),0] are characteristic of the (83) phase. A mean
(3% 3) domain size of 200 A is estimated from the width of the
[£(n/3),0] peaks.

FIG. 1. Upper panel: intensity of the ({2,0) peak taken along
the[110] direction during Sn deposition at an approximate rate of
15 min/ML (filled markers, left axis The surface temperature is
also reportedfull line, right axis. Lower panel: intensity of the
(1/2,1/2) peaKwith labeling relating to the(2x8) clean surface
phasé taken along th¢110] direction during Sn deposition at an
approximate rate of 30 min/MKfilled markers, left axis The sur-
face temperature is also reportéfdll line, right axis. The occur-
rence of the intermediate ¢22) Sn phase is also labeled.

X y3)R30° long-range order is maintained throughout the
standard one reported in the literature, where Sn is usually30—-300 K temperature range.
evaporated on samples held at RT and successively annealedThe diffraction pattern behavior along th&12] direction
to Ts~500 K. We have monitored the intensity of the dif- is much different as reported in Fig. 3. In this case the specu-
fraction peak (1{3,0) along the[110] surface direction larly reflected peak and the integer peaks display the same
while depositing affs~500 K (see upper panel of Fig)1 €xponential DW intensity decreaSewnhile the fractional or-
After 2/3 of the total exposure used in our work {0 min), ~ der peaks present a steeper decrease with an inflection point
the (yV3x \3) pattern starts to appear, but the deposition it @Pout 180 K. This observation is in contrast with the CDW

stopped only at the maximum intensity of the (3/0) peak model, whose predicted static distortion of the surface corru-
The surface is then left to cool down. Alternatively, one cangation should strongly affect the He diffraction pattern. In

monitor the half-integer peaks of thg2 8) pattemn up to Particular, the expected metallicity of the RT ph&Sshould

their disappearance, which only occurs after the formation Oflatten the surface charge c_iensity, thus leading to an increase
the intermediate ( 2) Sn/Ge111) phasé! (see lower panel ©f the He specular mterr:sn};as observedéfor the(2x8)
of Fig. 1). The latter procedure is less accurate in the cover=~ (1X1) transition on the G&11 surfac ?]. In addition,

age calibration. The diffraction patterns of theX(3) phase the full width at hal-f-maximum(FWHM) of the (O’_O) and
taken at 140 K are shown in Fig. 2 along both [tid 2] and (0,£1) peaks remains unchanged, while the fractional order

[1?0] directions. The diffraction peaks along th&12] are peaks display a strong broadening as the temperature in-

o . . This latter indicat t 3 d in-wall
characteristic of the (83) phase, while those along the creases 's latter indicates a strong<(®) domain-wa

e . proliferation, thus suggesting the occurrence of an order-
[110] direction belong to the RT\(3X y3)R30° phase too. disorder phase transitigA.In proximity of such an order-

The full diffraction patterns for a few temperatures havedisorder equilibrium phase transition, all the thermodynamic
been taken throughout the transition. Along fid.0] direc-  quantities scale as power laws of the reduced temperature
tion, both the integer and fractional order peaks display the=(T.—T)/T.. The corresponding critical exponents are
same behavior, i.e., an exponential intensity decrease due tmly determined by the surface symmetry and they indicate
the Debye-WalleXDW) attenuation without any variation of the universality class of the phase transition. According to
their angular width. It must be concluded that th¢3( Landau’s symmetry rules, this phase transition is expected to
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’ 140 160 180 200 220 circles, left axi$ and the Lorentzian FWHMopen circles, right
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) . ) _ian broadening of 0.26FWHM), due to the instrumental resolution,
FIG. 3. Temperature behavior of the diffracted peak intensitynas peen used. The peak intensity has been corrected for the DW
and width (FWHM) taken along thg 112] direction. The integer  factor, as obtained from Fig. 2. The full line is a fit of the Lorent-
order peakgopen markersand the fractional onedilled markers  zian widths to|t|” with the predicted three-state Potts exponent
have been taken from the same surface of Fig. 1, yielding a mean o g3 thus yieldingT.=217 K. The shaded line represents the

(3x3) domain size of 200 A. Upper panel: the peak intensity iSgxpected behavio=0.11, of the order parameter for the critical
reported on a logarithmic scale to put in evidence the deviationemperature of 223 K.

from the Debye-Waller attenuation of the fractional order peaks.
Full lines are best fit to the DW facte T with W=0.022 K 1. i o )
Lower panel: the diffraction peak FWHM is reported. x3) correlation lengtft, thus giving the spatial extent of the
fluctuating domains. The susceptibility correlation length di-
belong to the three-state Potts universality class, due to théerges afl; asé~|t|~". The three-state Potts critical expo-
threefold symmetry of the triangular surface lattice. nents assume the fractional valugs-1/9, »=>5/6, andy
To check the consistency of the order-disorder hypothesis 13/97 Experimentally, the susceptibility contribution is
we have followed in more detail and with larger statistics theconvoluted with the instrumental profilgvhich is assumed
temperature dependence of one of the diffraction peaks chaf® be a Gaussianin the experiment we have measured the
acteristic, of the (% 3) long-range order, which disappears (—2/3,0) peak profile at different temperatures and the
above the critical temperaturk,. The temperature depen- analysis has been performed by fitting the data to a Voigt
dence of the diffracted peak has been found reversible, prdunction with constant Gaussian widtborresponding to the
vided that the (X 3) domains extend at least a few hundredsGaussian contrlbutlpn obtalneq at the Io_west achlleve_d tem-
of A. The analysis of the temperature behavior of the perature: The resulting Lo_rentman width is showr_n in Flg. 4
(—2/3,0) peak is reported in Fig. 4. In this case, the mealOPen circley together with the ¢2/3,0) peak intensity
surements were taken from a surface displaying x 33  (filled circles. . . _ .
mean domain size of 400 A, i.e., twice that of Fig. 3. The Loreptman width d|§plays a slight brpadenmg below
In the proximity of the transition temperature, the diffrac- 220 K, possibly due to residual defects, while a much stron-
tion intensity for parallel momentum exchange close to  9€r broadening sets in above 220 K, when the order-

the reciprocal lattice vecto6=(—2/3,0), can be written parameter intensity. is strongly reduce_cj. This observation
ez points to an order-disorder phase transition, where the order

parameterp dominates the diffracted peak behavior below
_ 2 —G)+ _ T., according to Eq(1), and the Lorentzian should start to
'K D=pANAK=C)+x(K=G.T), @ broaden after the disappearance of the terrt??. For what
wherep stands for the order parameter apds the order- concerns the critical exponents, we found a reasonable tem-
parameter susceptibility, which accounts for the order flucperature range where the Lorentzian width can be fitted with
tuations close toT. (Fourier transform of the order- the predictedv=5/6 critical exponent, thus giving a transi-
parameter correlation function The order parameter tion temperature of 217 K. This transition temperature does
vanishes atT. as p~t?, and the fluctuations scale ag  not yield a satisfactory power-law fit of the peak intensity. In
~|t|~”. As a consequence, the order-parameter susceptibilitihis case, the expectefi=1/9 exponent is obtained for a
is the only contribution to the 2/3,0) diffraction peak slightly higher transition temperature. This discrepancy
above the transition temperature and determines the pedkielding a critical temperaturé.=220+5 K with a corre-
shape. The susceptibility can be approximated to a Lorentzsponding dispersion of-20% in the critical exponenkss
ian and its width is proportional to the inverse of the (3 due to the rounding of both the order parameter and its cor-
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relation length close t@ ., and is to be related to the pres- tively). This observation is consistent with both the coverage

ence of defects within the (83) domains. dependence of ; for adsorbate order-disorder phase transi-
Both line and point defects produce a smearing of theions (where it is demonstrated that the exact coverage, i.e.,

equilibrium phase transitiorfS.In fact, several kinds of point  best surface quality, yields the highest critical temperature

defects have been observed by STM on theand the finite-size scaling laws for order-disorder phase tran-
(3% 3)Sn/G¢111). Most of them are found to be Ge substi- sjtions, where a reduced domain size is usually observed to
tutional impurities within the Sn overlayer, which are shownyie|d a lower estimate of 34,35

to stabilize the LT phase in a local environment of the given' o, the basis of the present experiments, the SCDW phase
(3x3) sublattice’ This case resembles the order-disorderyansition must be excluded, since a clear order-disorder be-
c(4x2)—(2x1) transition on th¢001) surface of both Ge  yior is displayed at the critical temperature. The occur-

and Si. Due to defects, the expected two-dimensional Isingy e of 4 Jate stagénigher temperatupedisplacive charac-
critical exponents have been only recently found for

Ge(001),%” but are still lacking for §001).28 This surface has ter of the (3X 3)._>.(‘/§X V3)R30° phase transition cannot
been found to be strongly affected by point deféet¥, be excludeda priori by the present study. In fact, all of the
which have been demonstrated to reduce the order paramef@?pl_ac've phase transitions are expected_to display an inter-
below T, and to smear out the transitidh32A possible dif- mediate stage, where the order-disorder — character
ference with the Sn/Ge system is the partial mobility of thedominates®*" even for a large temperature rarigen the

Ge substitutional impuritielthey were seen to lie on a single Present case, an upper limit to the available temperature
(3% 3) sublattice at 120 K, as opposed to the random distrifange is set to 550-600 K, where thg3(x \/3) phase is
bution observed above 165]K This observation led the au- irreversibly decomposed into a newX7) phase. This tem-
thors of Refs. 6 and 7 to conclude that the transition is driverperature range is probably too small for displaying the onset
by a defect-defect interaction mediated by a SCDW, as af any displacive character.

consequence the critical temperature was also predicted to Note added: During the manuscript refereeing, a theoret-
decrease by decreasing the density of defects. From He scatal model suggesting a displacive transition was also
tering, the individual role of each kind of defect cannot beproposed® while new photoemission and photoelectron dif-

discriminated, but it is well observed that a larger(3) fraction data excluded this hypothesis up to 506°K.
domain size yields a higher critical temperatiigg(compare

the inflection points of Figs. 3 and 4, taken fromx3) M.B. acknowledges a grant by MURST cofingProt.
domains yielding a mean size of 200 and 400 A, respec9902112831
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