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Critical scattering at the order-disorder phase transition of Si(111)-/3% 3R30°-Au surface:
A phase transition with particle exchange
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The S(111)-y/3x +3-Au phase, which coexists with three-dimensional islands of excess Au at coverages
above 1 monolayer and at temperatures above 700 K, is shown to undergo a temperature driven order-disorder
phase transition at 1057 K. The islands act as a reservoir of Au atoms and adjust the chemical potential for the
two-dimensional layer during the transition. Due to this particle exchange, the phase transition within the
\/§>< \/§R30°-Au has been observed for a chemisorbed layer which is not under the usual constraint of
constant coverage, but controlled by the chemical potential. We quantitatively analyzed the critical scattering
and experimentally determined its critical exponeptsy, and v by high-resolution low-energy electron
diffraction. Their values are in good agreement with the expected values of the three-state Potts model, which
shows that the transition is continuous without any finite-size effects detect8btE63-18207)00514-4

I. INTRODUCTION symmetry, can be prepared onHil).
As one of the most popular systems or{13il), the ad-
Phase transitions and critical phenomena in two dimensorption of gold on this surface has been extensively studied
sions(2D) have attracted wide intereSt’ because fluctua- during the past few decades. A submonolayer of Au induces
tions play a much more important role than in 3D so thatsx 2 (or 5x 1),\/3% \/3R30°, and & 6 superstructure¥, de-
large deviations from mean-field behavior are observedpending on the gold concentration, and its phase diagram is
From the experimental point of view, investigations of sur-..1, 5nd complicated. The/3x y3R30°-Au structure has
face superstructures formed by adsorbates and of their COMwnen studied by total energy calculatibhand almost all

tinuous phase transitions are very gttractnée becal_Jse theéﬁ(perimental techniques such as low-energy electron diffrac-
give access to basically all universality clasSés.particu- tion (LEED),*31° reflection high-energy electron diffraction

lar, order-disorder phase transitions in the three- and four; 20 e : o100
state Potts universality classes can be and have been succe(sRsHEED)’ transmission e'zif;tgro” diffractioit;”* ion

fully studied with adsorbate-induced superstructdres. sgatterlngz,3 7 x-ra)slot_d|3f3fract|on, and scanning tunnelln'g
The determination of critical properties of continuous MiCroScopy(STM). Its local structure within the unit
phase transitions in surface systems, is still a challenge tg€ll varies with temperature and overall Au coverage. Even
experimentalists. This is because long-range correlations irfor the high-temperature3 phase investigated in this study,
volved close to the critical point of the transition can ben© generally accepted atomic structural model exists at
easily distorted by all kinds of defects which are mostly duePrésent. Also the saturation coverage has not yet been deter-
to the substrate surface or the interface. Phase diagrams afBined explicitly, which could be 2/3 monolayévL) or 1
more severely, the critical properties of phase transitions calIL- In the following, however, we assume it to be 1 ML.
be strongly changed by the presence of the defects, as shownAt temperatures above 850 K, where the® and
in several examples both theoreticdily and experimen- V3XV3R30° superstructures do not coexist with other
tally.10-13 phases, they were shown to undergo order-disorder phase
Although critical properties can still be and have successtransitions around 1070 and 1057 K, respectively. However,
fully been studied on systems with a limited size of unper_their critical properties seemed quite different as revealed by
turbed regions of the surfaéé there is still a high desire for Spot-profile analysis in a RHEED experiméft® For the
as perfect a sample as possible. One of the most ideal subx 2 structure, the phase transition seemed to be of first or-
strates for this purpose seems to bél8l), which can be der, while they/3x 3R30° phase showed signs of critical
easily prepared with extremely low levels of impurities andscattering, suggesting a continuous transition. From symme-
point defects. Furthermore, various kinds of adsorbatetry considerations, the>2 phase should undergo a discon-
induced long-range-ordered superstructures with differentinuous transition, while the/3x \3R30° phase should be-
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long to the three-state Potts universality class, if the 0

B E R 5t

transition is continuous. However, since th@Xx \3R30° tiehgenn " " "‘ AEREREAS
unit cell contains more than one Au atoms and the recon  *° YLy :" e "‘\ .' "‘ W
struction is considered to be quite complicated, involving so ' BEFAY R Y ,‘_ .','."‘
rearrangements of substrate Si atoms, it is not obviou ¥ AR AT E RS S Y
whether predictions of its critical properties from simple 75 e Blelcalaninits b T b
symmetry considerations for the unit cell can be applied tc R AL E L ELARYRE Y
this system. An explicit attempt, carried out in this study, to  "°° ISR .' AT ALE LN ELN
determine the critical exponents of the order-disorder phasz ;5| ) g 5 . .' ". ’ ,' r' .Y
transition of they3x V3R30° layer, will shed light on this * : PEEL A
question, and will allow conclusions about the disordering =0 AN _‘.'."l'-’ ' 1
process. e AR N A R AR I L Y

In our own studies using STM, it has been clearly shown CORCE TR VYL v hosntobs
that the /3x \/3R30° phase cannot be obtained in form of  zo0 e Rt A YA X
large domains at room temperatFeT), but that it is always Y LS A S S E .'.\,"‘,‘,' "
accompanied by a domain-boundary region that is not appa  “*° AL EUEESUIE L B R B
ently well ordered. Nogamét al3® and Takamiet al>? ob- e T S X

# 5 & 4§ 8 516 a8 W

served STM images of such a structure, i.e., a well-ordere
V3% \/3R30° domair(domain A and a less-ordered domain
(domain B. The fractional area of domain B increases with ol
increasing Au coverage, and when the domain A disappear
the 6X6 phase begins to appear. The Au coverage of thi
V3% 3R30° phase seems to be2/3 ML in the domain A.
The lack of consensus for the structural model is due in pat
to the inseparability of these two domains during use ofa) AUDB0526_TIF_x
macroscopic-probe techniques.

Although the structure of the3x /3R30° surface at RT
is complicated, it has been revealed recently by Nagao an
Hasegaw#¥ that the purey3x3R30° phase consists of
large single domains with well-ordere@x \3R30° struc-
ture at elevated temperatures. It is shown in Fig).1Please
note that this layer contains no domain walls that may act a
defects during the phase transition. Thus for the order
disorder phase transition of this superstructure around 105
K, its low-temperature phase can be considered ideally or
dered in long range without being limited by domain bound-
aries.

Another feature of this system is a Stranski-Krastanov-
type structure; when Au coverage exceeds the saturation co
erage of they3x /3R30° phase, the excess Au makes 3D
islands that sparcely distribute on the 2D layer. These islanc
act as reservoirs of Au atoms, so that the chemical potentigb)
is completely controlled by temperature during the phase
transition in the 2D layer. The Au concentration of the high- FIG. 1. (@ Scanning tunneling microscopy image of the
temperature phase in the 2D layer is generally different from/3x 3R30°-Au phase at 800 K. A large single domain can be
that of the low-temperature phase¢3x \'3R30° structure  seen, which is in remarkable contrast to room temperature observa-
Due to exchange of Au atoms between the two-dimensiondlons. (b) A grazing-incidence UHV-scanning electron microscopy
layer and three-dimensional islands at elevated substrat@age after about 2.0-ML-Au deposition onto a cleafl$i) sur-

temperatures, unrenormalized critical exponents should b@ce at 800 K. Three-dimensional islands composed of excess Au
expected. preferentially nucleate at step bunches.
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A Si crystal (20<5X 0.4 mm in sizg¢ was cut from highly
oriented wafer material with less than 0.1° misorientation off

The apparatus for our measurements has been describ#ite (111) surface. It was heated resistively with ac current at
in detail recentlyt* In brief, it consists of a UHV system a frequency of 5 kHz through the sample. In addition, the
equipped with high-resolution LEE[spot-profile-analyzing heating current was modulated with a trapezoid at a fre-
LEED, (SPA-LEEDY], a cylindrical-mirror analyzeCMA)  quency of 50 Hz to allow for undisturbed profile measure-
and a mass spectrometer, run at a base pressure wients of the diffracted electron beams during currentless pe-
4x10°° Pa. The main analysis was carried out with theriods by synchronizing and gating the detector electronics
SPA-LEED instrument® which had a transfer width larger appropriately.
than 1000 A. The sample temperature was measured by two W/WRe

Il. EXPERIMENTAL
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thermocouples, which were spot welded to thin tantalumar direction. For data analysis, three contributions to the
foils. These were crimped around the crystal's rim. Tae-  idealized spot profiles(q ,t) were taken into account ac-
erage crystal temperature was stabilized by a computerizeaording to the following parametrizatiols:
feedback circuit to better than 0.1 K. Due to our modulation ®
of the heating current, there is also a small temperatur _ Xo
modulation with the modulation frequency. Experimentally%(q‘| ’t)_IO(t)g(q_qO)”Jr1+(q—q0)ﬁ§2(t) *
we determined this modulation to be around 0.2 K at a
sample temperature of 1000 K—close to the temperature The first term describes the contribution frdamg-range
where the most relevant measurements were carried out—lgyrder. For a continuous phase transition it behaves like
use of lockin techniques. lo(t)<|t|?# for T<T., where qy is the scattering-vector

A further effect restricted our effective temperature reso-component parallel to the surfades (T—T.) /T, is the re-
lution. Due to inhomogeneous contact of the Si sample witlduced temperature ang denotes a reciprocal lattice vector
the Mo clamps used as sample mounts, a temperature gradif the superstructures is the critical exponent of the order
ent of 0.5 K/mm around 1000 K was observed by the therparameterd (® o \/1,|t|). For T>T,, I,=0. The second
mocouples and also by IR-pyrometer measurements. Sinaerm describes the contribution of short-range fluctuations of
the area of the crystal surface seen by the electron beam hage order paramete(critical scattering This term is most
approximately a diameter of 1 mm, the diffraction intensity easily measured abovEe, because it is the only remaining
is averaged over surface areas which differ in temperature byerm, apart from the backgroury, the third term.y, (am-
0.5 to 1 K. Temperature differences between the location oflitude of the critical scatteringdenotes the susceptibility
the thermocouple and the surface area observed by SPAnd ¢ the correlation length. For a second-order phase tran-
LEED, on the other hand, are unimportant as long as onlgitions they behave likg(t)=|t|~” and &(t)«|t| .
reduced temperaturets=(T—T.)/T. are of interest, since  The measured profiles always consist of two-dimensional
errors in the absolute temperature influence this quantityonvolutions of an ideal profilEq. (2.1)] and the instru-
very little. mental transfer functior(including crystal imperfections

A clean Si surface was prepared by flashing the sample tBecause of numerical stability, we carried out numerical fits
1450 K. Care was taken to produce a well-ordered77 to the experimental profiles instead of trying to deconvolute
structure by slow cooling with 1 K/s, especially in the rangethem. The profile of the superstructure beam observed at a
1100-900 K. With this preparation method, effective transqow temperature T,— 100 K) was used as the instrumental
fer widths(i.e., including all imperfections on the surfaad  function in the radial direction, whereas in the perpendicular
1000 A were achieved. Au was evaporated from a Au wiredirection it was approximated by a Gaussian of the half
onto the clean $111) at 900 K. The evaporated amount was width measured in this direction.
controlled by a quartz microbalance. An additional calibra-
tion was carried out using the deposition time for completmg . RESULTS
the 5<X2 phase LEED pattern, the coverage of which was
determined earlier to be 0.5 Mi®. The amount of Au evapo- The 3% \3R30°-Au structure prepared as described
rated in our case was four times that of the Zphase, i.e., above, was found to be perfectly ordered at surface tempera-
a Au coverage close to 2 ML was used, considerably largetures above 720 K as judged by the measured half widths of
than the saturation of thg3x \/3R30° phase. The excess its superstructure beams, which were identical to those of the
Au atoms are known to form large three-dimensional island§undamental beams. Below 720 K, a phase transition to the
on a two-dimensional/3x 3R30° ordered Au layer, as ob- 6X 6 superstructure took place, as seen in Fig. 2. The peak
served by scanning electron microscof§EM) [see Fig. intensity of the 3) spot versus temperature shown there
1(b)]. Due to the high temperature necessary to observe thdirectly reveals the two phase transitionsx®& —
phase-transition, Au slowly desorbs from the substrate at a3x3R30° at 720 K and\3x+3R30°— disorder at
rate of ~0.1 ML/h, which was estimated by changes in the1057.2 K. The effective Debye-Waller-factor relevant for the
LEED pattern to 52 close to 1 ML coverage. Since the second transition was estimated from the slope between
time necessary to measure one full set of data takes around0-850 K, a temperature region which was not influenced
one hour, the coverage of Au decreases abeOtl1 ML by the phase transitions.
during this time. However, due to the equilibrium with the The critical temperature of the phase transition
3D islands on the surface, just the size of islands decreaseBx \3R30° — disordered was determined by the inflec-
and the\3x \/3R30° domains did not diminish, as observedtion point of the Debye-Waller corrected peak-intensity-
by LEED pattern and SEM. In agreement with this finding, versus-temperature curvg(T).*® From the steepness of
the critical temperature of the order-disorder transition of thd (T), and from the precision of the determination of the
V3% \/3R30° structure was independent of average Au covminimum indI/dT, an uncertainty inl; of AT,=+1.1 K
erage over a very wide range of coverages, as expected lwyas estimatedsee Fig. 3.
thermal equilibrium with the three-dimensional islands. Only Below T, the raw data of the peak intensity of the su-
a slow deterioration of the surface quality with an increasederstructure beams versus reduced temperatiirdl
amount of defects after weeks of measurements was ob=T/T|, corrected by the Debye-Waller factor, were used to
served. determine the critical exponegt of the order parameter by

The profiles of the £3) and (5) superstructure spots simply fitting the data with a power law. Withi; as deter-
were measured and analyzed both in the radial direction witmined above, Fig. 4 shows that scaling is found over two
respect to th€00) spot and in the corresponding perpendicu-orders of magnitude in reduced temperature, 0<0020.1.

bg. (2.1
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FIG. 2. Peak intensity of a3f) spot versus temperatutbe- . . .
fore Debye-Waller correction The sharp variations in intensity to T, would not be meaningful, so that the available range in

correspond to the phase transitions ® — y3x V3R30° and reduced temperature would be too small for a quantitative
J3% J3R30° — disorder analysis of the critical scattering contribution beloly .

Therefore, no attempt in this direction was made. The same
analysis was also tested at thg) spot. Within the limits of

The effective critical exponenB of this measurement is . .
0.109+0.005. The error is mainly caused by the uncertaintyuncertalmy we always obtained the same valuesiiorhe

) X - ) average of the critical exponegtof several runs is given in
in T.. Belowt<0.002 the measured peak intensity S“ghtlyTableg | which contgins Btfour data  sets g of the

deviates from the power law. Here either the contribution(l;) and wo of the £2) spots. The quoted limits of uncer-
o . . o (33 5 .

from critical fluctuations is no longer negligible, or finite tainty contain both the statistical error and the uncertainty in

size effects begome important. From the analysis of the.(_jat?c which contribute about equally to the error limits.

aboveT. described below, however, the former possibility Above T, no intensity from long-range order exists, so

S?ae(;?esnioetf)é é??jrigclhksesl)éalgggg;iﬁgégﬂ;:ﬁ;ﬁg t;rggﬁ rgt(;w[ﬁrat the critical scattering can be analyzed quantitatively.
9 ' SSihce the measurements of critical scattering were done at

roughly twice the bulk Debye temperature of Si
20 , : (1050<T<1120 K), we had to subtract a relatively large
() background due to thermal diffuse scattering. Therefore, the
background intensity and its temperature dependence were

measured independently at a location as far away from the
Bragg positions as possible, i.e., in our cgé2w/a) away
from the (33) spot. Since this background turned out to de-
pend little ong; and on temperature, a parametrization of the
temperature dependence was possible for background sub-
traction.

Figure 5 shows some typical high-resolution profiles of
the (33) spot at temperatures both above and below Af-
ter subtracting the background, the data were fitted according
to Eq.(2.1). The critical exponents andy were determined

I(T) (arb. units)

d/dT I(T)
[}

TABLE I. Summary of experimentally determined critical ex-
ponents and comparison with theoretical models. Good agreement
with the three-state Potts model can be seen.

AT =11.1K

_20 L L
1000 1020 1040

Temperature (K)

060 1080 Theory

Experiment  Ising three-Potts four-Potts  1st order

FIG. 3. Peak intensity of the%é) spot versus temperature after 8 0.113-0.005 0.125 0.111 0.0833 0
Debye-Waller correction. The derivative @) with respect to tem- v 0.87+0.07 1 0.833 0.666 0.5
perature is shown irfb). The minimum in(b), i.e., the inflection 1.35+0.12 1.75 1.44 1.17 1
point of the curve shown ifa), was used to estimafg, .
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100 | FIG. 7. Log-log plot of the correlation lengtiisversus reduced
temperature abov@.. Slope of fit yields exponent. Different
o : symbols represent data sets taken in two orthogonal scan directions.
600 | T,=1057.2K T=10559K<T,
200 | 1 ] the instrument function. Small changes in the measured in-
Instrumental profile ——7 1 strument function significantly affected the result of the fit.
200 | ] The temperature range at smialk also limited by tempera-
- ture resolution and stabilization, as mentioned before. For

-0.07 ScatterinOiovector 0.07 the power-law fit, every data point was weighted inversely
9 g with its uncertainty. The analysis of radial and tangential
FIG. 5. Typical high-resolution profiles of thd}) spot at tem- cuts through the spot profiles yn_aldec_j identical results. There-
peratures below . (a) and aboveTl . (b)—(d). The scattering vector fpre, the two OrtTOgo(;]al ann dllrecélons ththe same diffrac-
q parallel to the surface and the half widthsill width at half 10N SPOt were plotted and analyzed together.
maximun are given in units oky. No finite-size effects are visible, which would show up as
a leveling off of correlation lengths and susceptibility values
from plots of¢ and y, versus reduced temperatugee Figs at small reduced temperatures. This indicates that we are not
6 and 7. In order too make sure thak. does not changé limited by the terrace widths or other kinds of frozen defects
peak-intensity curves versus temperature such as Fig. 2 wel2 this system. The precision In determlnlng the cr|t|gal ex-
measured routinely between the profile measurements. ~ Ponents» andy depends mainly on the quality of the fit and
Both ¢ and y, show scaling over the reduced temperatureon the uncertainty inT,. The uncer_talnty for both critical
range 0.00¥t<0.05. The error bars shown have two main e>_<ponents _caused b&Tc_ IS app_roxmately 2%. Togethgr
origins. At large reduced temperatures the error is dominatey/th the variance of the fit we estimate an overall uncertainty
by the uncertainty in background subtraction, since the dif°f @Pout 8%. Our results for the critical exponentandy of
fraction peaks were weak and broad. At the right-most datgorrelatlon length and susceptibility are again summanzed in
point (t=0.06) the signal to background ratio was as Sma"TabIe I, where the average values 202f several independent
as 1:10. At small reduced temperatures, on the other hand@@ Sets measured at both thie)(and (33) spots are shown.

the main source of error is the lack of precise knowledge of N€ critical exponents are in good agreement with those
theoretically expected for the three-state Potts model.

IV. DISCUSSION
1000 |

As our experiments show, all superstructure spots of the
i V3% \/3R30° phase exhibit the same temperature behavior.
There is no indication for the appearance of another ordered
structure. We take these observations as proof that this struc-
ture undergoes a true order-disorder phase transition. From
symmetry arguments applied to a lattice §ascontinuous
9 order-disorder phase transition of \8x y3R30° phase is
expected to belong to the three-state Potts universality class,
. . . in close agreement with our experimental results. We also
0.0001 0.001 0.01 0.1 would like to point out that only this quantitative agreement
Reduced temperature t with the predicted universality class can be taken as evidence
for a continuous phase transition, whereas the mere missing
FIG. 6. Log-log plot of the amplitudes of critical scatterigg ~ Of hysteresis is not sufficient.
versus reduced temperature above Slope yields exponeny. The validity of this pure symmetry argument can be well
Different symbols represent data sets taken in two orthogonal scaiemonstrated by the existing data for order-disorder phase
directions(for details, see text transitions within this universality class. Previous quantita-

100 F

Susceptibility ¥ (arb. units)
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tive measurements of the critical properties of order-disordestructure spots measure only th& x /3R30°-correlated

transitions of /3 v3R30° phases have been carried out,part of the layer, where no drastic changes of local geometry
e.g., for J3x\[3R30°-S/R(O00) (Ref. 6 and for compared to the fully ordered layer should have occurred. In
Kr/graphite®® Their ordered structures just contain one atomanalogy to the results for S/RR001), we conclude that even

per unit cell, 1/3 ML coverage. What matters only, however,if there are changes of sites involved in the phase transition,
is the existence of three equivalent sublattices in the ordere@® Would get the same critical behavior as measured as long
structure, which have the same point symmetry as the disoPS there is a finite energetic difference between those sites.

dered phase. Even the partial change of site associated with S mentioned in the last section, our data analysis was not
the phase transition found for the SR0D system Imited by finite-size effects up to the largest measured cor-

recently® does not seem to be relevant for the critical prop—relatlon lengths £5000 A, but mostly by finite instrument

erties as long as there is a finite energetic difference betweeehnd temperature resql_utl_on. Th's fact is r_emark_able,_because
e measured in equilibrium with three-dimensional islands,

:gf?ﬁisagigtrggf%n sites, as tested by Monte Carlo smulaﬂo%hich may act as frozen defects depending on their mobility.

From our experiment we also conclude that the conditionThe lack of any influence of these islands on the critical

. o properties is understandable from the SEM observations
of free particle exchange between th8x 3R30° phase [Fig. 1(b)], which reveal that the islands preferentially nucle-

and the Au islands is obviously sufficient to make any cou-

lina between the field coniugate to the order parameter angte at step bunches, but the terraces are scarcely covered by
piing ) €ld conjug P . C|{slands. Although single steps are not visible in Figp) lthe
the chemical potential irrelevant, so that the unrenormalize . .

e o average distance between steps is of the ordgmof There-
critical exponents can be observed. This is in contrast to th

condition of constant coverage of the ordered phase, whicﬁore’ for correlation lengths up to a few thousand A, which

. ) . . was the limit in our experiments, no influence by the pres-
acts as a constraint, since in many cases the chemical poten- . .
. ! " ; . ence of the islands should be expected. Because these islands
tial also varies critically as a function of concentration. As a

are very sparce, they cannot be detected by diffraction.
consequence, we get almost perfect agreement between Summarizing. we have shown that the (1Sil)-

theory and experiment foB, the critical exponent of the . .

orderyparamet([a)r. Here alsoﬁ the largest rang%(two orders V3 {3-Au phase undergoes a true order-disorder continu-

of magnitude and the highest quality of data were available.4S phase t.r_ansmon above 1000 K, as |ndlca.ted l_)y the de-
termined critical exponentg, v, and v. The situation of

The small contribution of critical scattering beloty, is in thermodvnamic eauilibrium between 3D islands of excess
agreement with Monte Carlo simulations carried out y q

earlier’? The larger deviations between experiment ang”U atoms and t'he 2Q/§x V3R30° pha;e made the mea-
theory for exponentss and y might mostly be due to the surements possible without the constraint of constant cover-

larger uncertainties in the experimental data for these w@de: a unique situation for chemisorbed adsorbates. Our re-

guantities, and to the smaller available rangé.imhe influ- SUIttSt s_hov_v th?tl_ thte dqtuantlttat:ve ;avaluatllotrr: th(‘iﬂt'cal
ence of corrections to scaling cannot be totally excluded,sca ering IS not imitéd to metal surtaces, althoug e re-

however, but curvatures of the log-log plots can only beconstrucuons involved on semiconductor surfaces are usu-

detected over many orders of magnitude.of herefore, our ally much more cqmplicated than on metal13i) sgrfacgs :
determination is restricted to effective critical exponents,  2r€ In fact attractive for these measurements, since limita-

Although the critical exponents are only sensitive to puret|ons in these experiments are only due to instrumental reso-

changes of symmetry, the question arises how the disordeftion, but not due to finite-size effects of the substrate sur-
ing proceeds in the system under investigation here. Whil ace.
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