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Melting behavior of the B-PbyGe(111) structure

M. F. Reedijk! J. Arsic! D. Kaminskil P. Poodt H. Knops? P. Serrand,G. R. Castrd and E. Vlied
INSRIM Department of Solid State Chemistry, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands
2Institute of Theoretical Physics, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands
3SpLine at ESRF, BP220, F-38043 Grenoble Cedex, France
(Received 30 September 2002; published 29 April 2003

The two-dimensional phase transition of th& K v3) R30°-Pb/Ge(111) surface is analyzed using surface
x-ray diffraction. The critical exponenf3, v, andy have been determined. These exponents exhibit mean-field
behavior indicating a long-range interaction potential for the Pb atoms. Deviations from the mean-field behav-
ior, due to finite-size effects, occur at temperatures closkg.to
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I. INTRODUCTION has a structure which closely resembles the structure gthe
phase, but the excess Pb on the surface pins this structure and
The nature of the two-dimension@D) melting transition ~ prevents it from melting. Here, we focus on the 2D phase
has received considerable attention because the charactertt@nsition of the 8 phase. Because this system has three
this transition in two dimensions is different from the melt- €quivalentv3 domains, it is expected to fall in the Potts
ing in three dimensions. Critical fluctuations play a moreuniversality class witlg= 3.
important role in melting in lower dimensions. The melting  The structures of both the solid and the mol@mphase
transition is always a first-order process in a bulk solid, but ithave been investigated by several grotgs.It has been
can be continuous, or even of infinite order, in a 2D layerfound that the “liquid” phase at a coverage around 1.25
This was pointed out by Kosterlitz and Thoulkssr a free  ML's has both solid and liquid character. The Pb atoms spend
floating surface, where the long-range orientation order i€ significant fraction of their time close to lattice sites. Pre-
broken at the transition temperature. Several years later th8ous experiments on this system showed a peak broadening
ideas were extended by Halperin, Nelson, and Yotimgthe ~ close to the transition temperature indicating a continuous
presence of dcrystalling substrate where long-range trans- transition, but the corresponding critical exponents were not
lational order is present, the 2D phase transitions can beetermined*°
grouped in a few universality classes, such as the Ising and Here, we report an experimental analysis of the critical
Potts models,based on the symmetry of the system. TheseeXxponentss, », and y of the melting transition of thg-Pb/
models predict the nature of the order-disorder transition ané€111) system. The critical exponents are determined using
the critical exponents. Experimental validation of the theo-surface x-ray diffractio(SXRD), which is very suitable to
ries is limited, because the investigated systems are nev@fobe the long- and short-range order of the system. We
completely two dimensional. Typical pseudo-two- Show that thev3—(1X1) phase transition is indeed con-
dimensional systems are monolayers supported on a sufnuous. However, the critical exponents measured do not
strate or crystal surface’ The samples have to be as perfectcorrespond to the expected three-state Potts exponents; in-
as possible, since defects and steps can easily influence tBtead they show a typical mean-field behavior.
critical behaviof
We have studied the nature of the “2D” melting transition Il. EXPERIMENT

of a lead monolayefML ) on Gd111), which is a convenient ) ) ]
model systeni. The mutual solid solubility is negligible and ~ The SXRD experiments were performed in an ultrahigh

the system forms a well defined interface. In addition, lead/acuum envwonrpzem(UHV) on the DUBBLE beamline
has a low melting point as well as a low vapor pressure. ThéESRF, Grenoble™ The setup consists of a UHV chamber
phase diagram of the Pb/@d1) system has been exten- Which ~was Sde'f'ed to fit on the 23 circle
sively studied® We recently proposed a modification at diffractometer®!* The base pressure of the system was 3
high coverage&! Two stable ¢3xv3) R30° (v3 in shor} x 10" mbar, during the surface preparation the pressure
phases can be formed on the Surface, a |Ow_dems'my'ase never exceeded >110_9 mbal’. All data Were measured at a
at 1 ML and a dense3 phase, which is stable at coveragesWavelength of 1.13 A, with a constant incoming angle of 1°.
between 1.25 and ML. Here 1 ML is equal to a single The Ge&lll) sample was heated using a filament, while the
Ge(111) layer (half a bilayel, so 2 and 2 ML correspond to ~ t€mperature stability was .monltor'ed using a thermocouple.
one and four atoms per3 unit cell, respectively. Thex ~ The temperature was derived using the power of the fila-
phase has a transition temperature near 400 °C. At this tenf0€nt, which was calibrated against the bulk Pb melting
perature the desorption rate of Pb of the surface is so higReint. The absolute error in the critical temperature-is0
that experiments are very difficult. The melting temperature<, but the relative errort1 K.

of the B phase depends critically on the coverage, ranging T0 denote the surface structure, we use>allsurface
from 180 to 270 °C. When more thdhML of Pb is depos-  unit cell for Ge111), whose lattice vectors are expressed in
ited on the surface a metastalfle phase forms! This phase terms of the conventional cubic lattice tay=3[101], a,
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=10 I1l. DATA ANALYSIS

g At low temperatures th@-Pb/Gé111) surface consists of

—g 10 three equivalent3 domains with equal occupancy and with

= a domain size that is limited by defects and steps. This is the

z | longest length scale in our system. When approaching the

210} melting point, small domains develop within the large do-

- mains. At the critical temperature the small domains form a
3.5 -1.5 35 connected network, while the initial long-range-order do-

1.5
6 (degrees) mains have disappeared. The small domains give rise to criti-

FIG. 1. Rocking scan of th&, 2, 0.3 reflection at 440 K. The cal scattering, Wh_ich reacht_as a maximum at the critical tem-
perature and vanishes at higher temperatures.

Thus the total scatterin§(q,t) consists of a long-range
. order, a critical scattering, and a background scattering term:
=1[110], andaz=3[111]. The coordinates are in units of
the germanium lattice consta(B.66 A at 300 °K. The cor- S(9,1) =l iong(t) Fiong(d) + Ferie(t,0) + 1 pg- 1)

ria;po;d|n_|(::]hreC|procaI-Iatt|ce v?ctdnssri(.jefwez.gﬁ- = Hereq is the distance to the measured fractional-order reflec-
=2md;; . The momentum transfép, which is the difference on angt=|T—T | is the difference from the critical tem-

between _the incoming and °‘%‘9°'”9 wave vectors, Is denOte|geratureTc. The first term, describing the long-range order,
by the dlffractlon. m@ceshkl in remprocal_ spaceQ=hb, is the product of an intensity,,n(t) with a line shape
+kby+1bs. The indices(hk) refer to the in-plane compo- Fiong(d)- In this case of three equivalent domains and a mea-
nent of the momentum transfer ahdo the perpendicular syrement of a fractional-order reflection, the line shape is
component. expected to be Lorentzidfiand that is indeed what we find.
The polished G@11) crystals were cleaned using re- There is no true long-range order; the constant peak width is
peated cycles of sputtering and annealing unt#(8x8)  determined by steps and defects. For a continuous transition
reconstruction was observed. The miscut of the crystals walg, () behaves lik ||OngoctB, whereg is the critical expo-
~0.2°, which corresponds to an average terrace width ofient of the order parameter. At temperatures ab®dye
~900 A. A Knudsen effusion cell was used for the deposi-| long=0-
tion of Pb. The deposition rate was calibrated by observing a The second term describes the short-range fluctuations,
diffraction peak from thev/3 reconstruction, and was typi- i.e., the critical scattering. AboVvE., this is the only remain-
cally 0.03 ML/min. Thev3-Pb/Ge surface is obtained as fol- ing term, apart from the background scatterigg The criti-
lows. First a little ove ML Pb is deposited on the surface at cal scattering is approximated with a Lorentzian line shape,
230 °C, which is above the lowest transition point at 180 °C
but below the melting point of thg phase, resulting in a
metastable8’ phase'! Subsequently this phase is annealed Fcrit(q’t):X(t)m’ @
at 330 °C and cooled to room temperature, resulting j& a
phase with a coverage of 1.28 ML(k the two-dimensional Wwherex(t) denotes the susceptibility andis the full width
layen. At this point the surface consists of a two-dimensionalat half maximum(FWHM), which is inversely proportional
Pb layer having ag structure and a few large three- to the correlation lengtlf. The susceptibility depends on the
dimensional Pb islands. The total coverage is still ab$ve critical exponenty, according toy= x,|t| ~?, while the cor-
ML. There appears to be no exchange between the Pb islandelation length behaves like= &|t| .
and the surface, because the coverage in the two-dimensional At T<T, the critical scattering can be neglected and the
layer does not reach the value &fML for the ideal 8  only term contributing to the scattering is the long-range-
phase'! order term with a single Lorentzian line shape. The width of
To obtain the critical exponents, tii& 2, 0.3 reflectionis  the profile remains constant and is fixed at the low-
monitored over a wide temperature range. This reflectioiemperature value during the fitting procedure. Figuf® 2
originates exclusively from the two-dimensiond surface, shows a typical example of such an experimental curve. Fig-
thus the three-dimensional islands are ignored. Measuresre 2b) shows a profile at a temperature just beldyw Here
ments are performed at both increasing and decreasing terhoth terms contribute to the scattering. This profile can be
peratures and on different samples and preparations. At evefifted with a two-component line shape, a sharp peak for the
temperature the surface was allowed to equilibrate until ndong-range ordefwith a fixed width and a wider peak for
changes in peak height and width were observed and théne critical scattering. At temperatures abdyg the critical
thermocouple showed a stable readout. Wide rocking scargcattering is the only remaining contributipRig. 2(c)] and
(=3.59 are performed to obtain accurate background inforthe experimental profile can again be fitted with a single
mation and the detector slits were set fully oger0.2°) in Lorentzian.
order to obtain a fairly complete integration in this direction  This analysis of the experimental profiles resulted in a
(a full integration of the Lorentzian line shapes is nearlydata set ofl|,ng, x, ando as a function of temperature. To
impossible.*® A typical example of a rocking scan is shown obtain the corresponding critical exponegtsy, and v these
in Fig. 1. order parameters are fitted simultaneously. The temperature

log scale shows the very long tails of the Lorentzian line profile.
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FIG. 2. Broadening of thé3, 4, 0.3 reflection at different tem-
peratures(a) The profile measured & =440 K (dots, which is
equal toF,ng(q). The solid curve is a Lorentzian fitb) Profile
measured below . at 510 K, the solid line is a fit composed of two
Lorentzian line shapes, the long-range-order contributiotted
line) and the critical scatteringdashed ling (c) Profile measured
aboveT, at 526 K, where only the critical scattering is present, the
solid line is a single Lorentzian fit.
T. is included as a fit parameter. The experiments are per-
formed at a constant coverage of 1.28 ML's. The excess Ph " 40 20 o 2 ‘0
available on the surface was found not to be in equilibrium T-T, (K)

with the two-dimensional lead monolayérand thus the ex-
periments are not performed at constant chemical potential FIG. 3. liong (top), x (middle), and o (bottom plotted on a log
. Therefore the exponents measured are effective exponergsale as a function of the temperature differefieeT . The critical

and they have to be Fisher renormaliZéd, temperatureT,, is 520 K. The solid lines are best-fit calculations
giving values of3=0.23, v=0.51, andy=1.05. The dashed lines
B v d V.= Y 3 are calculations with fixed three-state Potts exponents.
Bn_l_aa Vn_l_aa an Vn_l_a- ©)

wherea is the specific-heat exponent, which equkis the ~ COMpose the profiles in two Lorentzians. In earlier experi-

case of a three-state Potts model and 0 in case of mean-fiefd€nts on different systems the critical scattering befow
was never observeli” The value found for the width of

behavior. ) : VIKE
Fiong(d) is 0.05°, which corresponds to a domain size of
IV. RESULTS AND DISCUSSION 1100 A. The critical temperature found in the fit procedure
was 526:10 K.
The resulting values fdl,ng, x, ando are plotted in Fig. Theoretically, the susceptibility and correlation length di-

3 and show the expected behavior at the phase transitiomerge atT., resulting in aé profile, but in practice these
liong drops to zero afl;, while the susceptibility shows a values are bound by finite-size effects. To eliminate these
peak at the transition temperature wheréas a minimum. effects the data fox and o at an intervaAT aroundT, are
The scatte(and thus the errgrin the values is quite small, omitted from the fit. The value foAT was determined by
demonstrating that the data are good enough to reliably deéncreasing it until no changes if, v, and T, were found.
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TABLE I. Theoretical and experimental values for the critical 4000,
exponents. The best-fit values are calculated omitting the data close - Lt
to T, (see texk g 30004 :

2000; °
v Y B £}
Best fit 0.513) 1.055)  0.484) 1000‘,
Finite-size convolution 0.43) 0.905) 0
0 20 40 60

Three-state Potts model ~ 2~0.83 %~144 $~0.11

Three-state Potts model, 2=1.25 =217 $~017
Fisher renormalized FIG. 4. Peak height ofi,,q vst. The data follow a straight line

Mean-field model 0.5 1 0.5 (solid line) showing mean-field behavior, but closeTtpa deviation

— - from this line is visible. The dashed line is a fit of the complete
®When the data close . is included a value 08=0.23 is found.  {ata including the data close Tq giving a 8 exponent of 0.23.

Temperature difference, [T-T,| (K)

This yieldedAT= =5 K. The values ofy and v determined Mean-field behavior. The data indeed follow a straight line at

by this procedure were 1.05 and 0.51, respectively. Figure temperature differences larger than 4 K, but deviations occur

shows the corresponding best fisslid lines. The data fory at temperatures closer TQ . Note that this is the same range

deviate at high temperatures, which is probably due to de2S estimated for the finite-size effects in the other exponents.

sorption of Pb from the surface. When these data are omitted from the fit a value fof

Omitting the data neall, is a rather crude, but often =0.48+0.04 is found, Wh'Ch agrees with the meaf?'f'e'd
usedg,lg,lgway to correct for finite-size effects. The precise model. Table | summarizes the exponents found using the
' ’ different methods.

consequences of finite-size effects are not known for this i . . i
system, but to some extent we may account for these effec%s Apparently, the long-range scattering and the critical scat

by convoluting the critical scattering with a profile represent—cefcr)'gg tcc)j'la"taareexglralittts d mri?sr]}xl?iglsk?hgtegj a:vg:rd:/v tk:a ?: g?at?
ing the finite-size effects. While also imperfect, this yields an ¢ ' P P

alternative method to derive the critical exponents and thu%#lzsngetﬁﬁ Il;]o?hr?r?elzrgeg:ririitlzr;nct;)rtLeeiaet:Ifcfjgclt?legmz)tlzn-
provides an additional error estimate as well. TAtthe the- y P

oretical profile ofF; is a § function, and thus the measured tial rangeR This points to a rather long-range interaction
rofle at T yields fhe widh and height of the finite-size 2St¥eeN the Pb atoms, which is compatible with the high
P c Y 9 density of Pb atoms in this pha&&'! Possibly, the Pb atoms

smearing function. For convenience, we then use the follow- N . .
on the surface have such an interaction owing to the forma-

ing relations: tion of covalent chain&’ When temperatures closer than 4 K
to T, are included a difference between the critical scattering
1 1 1 ! ) 2
- 4 , (4) data and the long-range scattering data is observed. For criti-
Xexp  Xth  Xfin. size cal scattering the exponenisand y directly cross over from
) . mean-field to finite-size behavior. This suggests that for these
Texp= Ttht Tfin. sizes (5  temperatures and data one hgJ)~L<R. On the other

hand, the long-range scattering data, when analyzed close to
where x e, and o, are the measured valueg, andow, are T yield an exponen3=0.23, which is in between the
the values expected theoretically, and wher si.e and  \1yes expected for mean-fiel@l.5) and the three-state Potts
Tfin. size take into account the finite-size effects. From the,oqel (0.17 when Fisher renormalizeddpparently the ef-

profile atTe, we find xin, size= 800 ANy, 5i2¢=0.1%. USing ¢ ;o potential rang® for the order parameter is different

this, we find for the critical exponent#=0.44 andy . . . .
=0.90. In the course of the analysis, we have also calculatet] suc~h a way that the inequality above is replacecty)

the results of using a convolution of two Lorentzians or of =L~

two Gaussians, and found that the critical exponents are !t would be interesting to compare the critical exponents
similar to the ones obtained from the simple method. of the B phase with those of the phase. This phase has a

The critical exponents andy show large deviations from 0w density with a coverage of ML, and doeslno_t show
the values expected for the three-state Potts model; see TaBRetallic behavior at temperatures above 213 kSimilar
I. For comparison, a fit is shown in Fig. 3 with fixed Potts behavior has been observed for the He-graphite system,
exponentgdashed lines Instead, the values found forand ~ Where, depending on the preparation, both meanfieldd
y are close to the values expected for mean-field behavior.three-state Pott$ values for the exponent were found.
The exponenig is derived from thel o,y data. When all However, due to the higher transition temperature of the
data, including the points nedr., is included, we findg _a—Pb/Geéﬂl) structure, the measurement of these exponents
=0.23. This does not agree with the three-state Potts modé&t Very difficult.
(see Fig. 3 but also not with the mean-field value @f
=0.5. In order to explore the behavior bf,,4, the data are
plotted on a linear scale as function bfin Fig. 4. This We have examined the 2D phase transition of wBePb/
representation should result in linear behavior in case oGe(111) phase. The exponents correspond to the values ex-

V. CONCLUSIONS
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