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Thermal behavior of c(2X2) layers in the PCu(110) system and the influence
of surface defects on the order-disorder transition
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The thermal behavior of a(2x2) Pb overlayer on Qi10 surface is studied by thermal energy atom
scattering. Diffraction analysis reveals a continuous reversible order-disorder transition with temperature at
437+2.5 K. Two of the extracted critical exponentg,and v, are in good agreement with those of the
two-dimensional Ising universality class. The thigl, associated with the disappearance of long-range order
in the layer, is, however, smaller than the theoretical expectations. The observed transition is discussed in a
framework of model, where the deviation of one of the expongntg, and» from its exact value depends in
a different way on the kind of “imperfection’{mean terrace width, domain boundaries, “frozen-in” surface
defects, local distortions, and surface alloyimng the real physical system. The annihilation of domain walls,
created during the simultaneous growthcd2 X 2) phase on two equivalent sublattices{@f.0} fcc surface,
is found at 310 K. The experimental findings indicate also a noticeable change in the surface corrugation
during the observed order-disorder transition.

[. INTRODUCTION ment in the field of 2D critical phenomena.
Some attempts to study the critical behavior of Pb/Cu

During the last few years, considerable interest was destructure$ by helium scattering have shown that the large
voted to two-dimensional2D) metal layers on metal sub- Debye-Waller factor and the small corrugation of the surface
strates. Following the progress made in high-resolution difpotential are limiting the determination of the critical expo-
fraction techniques such as spot profile analysis low-electronents associated with order-disorder transitions. In the par-
energy diffraction(SPA LEED), thermal energy atom scat- ticular case of thec(2x2) structure of Pb/Cd10), how-
tering (TEAS), and scanning tunneling microscop$TM),  ever, the diffraction peaks are sufficiently intetfs€ to
many systems already studied in the early 1970s are nownable a complete analysis of their temperature dependence.
being reconsidered. One of the most studied is surely th& this paper we present the results of such an analysis. As a
case Pb/Cu. The low melting point of lead, its chemical in-second topic we discuss the nature of the surface imperfec-
ertness, and the lack of miscibility of the two metals aretions and their influence on the 2D critical behavior of the
obvious reasons for this choice. A large variety of structuralsystem.
phase transitions on differently oriented copper substrates
has been observéd succession of centered structures in the
case of the Pb/Ga00),>~° one centered and a series of
quasi-unidimensional primitive structures for Pb{(C10),%~° The experiments were performed on the He-scattering ap-
incommensurate  strongly compressed phase foparatus described in detail elsewh&&he wavelength) of
Pb/Cy111).2° Most of the above structures are considered ashe thermal energy He beam was equal to 0.57AA/\
a system with localized adsorption states. The theory predicts 1.5%), and its transfer width was estimated 200 A in all
that the continuous order-disorder phase transitions for sucécattering experiments. The temperature was measured with
systems may exhibit different universality class behaviora chromel-alumel thermocouple welded on the front side of
based on the symmetry consideratiéhs-*2Experimentally ~ the copper substrate, the temperature uncertainty being less
the critical behavior of 2D adsorbed phases has been studig¢bden 1 K throughout the sample in the whole temperature
extensively’%?® Obviously, the most studied case is that of range. The residual pressure during the experiments was less
the Ising universality class because of its simplicity and exthan 1.5< 10" Torr. Lead was deposited from a home-built
act mathematical solutioff:** With respect to that, the de- Knudsen cell. By monitoring the intensity of several diffrac-
tailed study of the systef®/W(112) reported by Wang and tion peaks during lead deposition, a sharp maximum was
Lu'®is considered a work that bridges the theory and experiobserved at the completion of th&2x2) layer!®’ This
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maximum, corresponding to a coverage 0.5 was further sl ' ' ' ]
used for the calibration of the outcoming Pb flux from the Ta,  errelation
Knudsen cell versus cell temperature. The coveragede- a 4 ", ]
fined as the ratio of adsorbed atoms to the maximum number E ., mme . .
of substrate adsorption sites. 5 31 vefore retaxation LI 1
f 2 ] . i
Ill. RESULTS AND DISCUSSION - ; T, ]

The very early stage of Pb adsorption on the @0 )
surface was studied by monitoring specu(@r0), (—1,0), 01 "
and (—1/2,—1/2) diffraction peaks. Below the coverage 250 300 350 400 450
=0.35 ML, we observed a lattice-gas formation where ran- T (K)

dom adsorption of lead atoms takes place on fourfold sym- o _
metry sites on the Q10 crystal surface. Increasing the  FIG. 1. Deb_ye-Wfa\IIer dependence of the normahzed_mtensﬂy of
coverage, a two-level scattering was found in the range of~ 1/2,— 1/2) Q|ﬁract|on peak. The temperature of annihilation of
0.25< #<0.4 ML. The corresponding height differende, domain walls is about 310 K. The upper curve corresponas 20
—1.21+0.1 A , evaluated from so-called “rocking curves” X 2) structure after a thermal relaxation of the lead layer.

of (—1,0) diffraction peakintensity versus normal compo- . . ,
nent of the scattering vectdt, ) indicates a process of in- desorption occurs. Furthermore, the specaf) intensity

termixing, where adsorbed Pb atoms of the lattice gas re?! the clean Cu surface exhibits a standard Debye-Waller
place Cu atoms of the outermost substrate &§@his effect ~ decrease fol <550 K™ Both normalized intensity of the

of surface alloying in the system Pb/10) was recently (—1/2,~1/2) peak (after correction for background and
studied by Monte Carlo simulations in a model with a “re- Debye-Waller effegt and full width at half maximum
alistic” tight-binding potential via coverage-dependent (FWHM), versus temperature, are presented in Fig. 2. In the
interactions® Increasing the coverage the intensity of the considered temperature range, the FWHM increases by a fac-
(—1/2—1/2) diffraction peak, originating from the ©OF Of 2. _ _ _ _
(2% 2) structure, grows continuously and reaches its maxi- The abovg_observatlons are consistent with a continuous
mum até=0.5 where this structure is entirely completed. InPhase transition of a 2D closed system. According to
accordance with the theofy;2* TEAS experiments clearly Landau’s theory, the continuous transition in 2D phase with
demonstrate that above the coverage 0.4 ML a process §(22) structure on a substrate pPmm symmetry, be-
demixing takes place, which leads to the formation of pure/ongs to the Ising universality cla$$?’ The critical expo-
not alloyedc(2x 2) layert” Thus the condition for a closed, Nents of the function

one-level two-dimensional system is fulfilled. This is quite

important since the system has to satisfy the requirements of A(M)=C|T-T™, 1)

the theory of 2D critical phenomena. We shall discuss later

the problem of the conservation of the total number of adawhereC,, is a constant ané\(T) stands alternately for

toms within one layer, which also seems to be satisfied. Itis (1) 15/(T), Bragg's intensity as a long-range order contri-
important to be noticed that all experiments related to orderbution atT<T,, (m=2p);

disorder transitions in the systea{2x2) Pb/C{110 are (2) 1p(T), diffuse-scattering intensity as the contribution
carried out on the complet®(2x 2) layer atd=0.5 ML. of the short-range correlations &t>T,, (M= — v);

After the formation of thec(2X2) structure the system (3) &(T), inverse correlation length between fluctuations,
was heated up to 500 K. This annealing leads to relativelyroportional to FWHM aff>T., (m=v), can be extracted
better thermodynamic equilibrium by elimination of some from the analysis of the diffraction spectra. In that case the
defects and domain walls. The latter are formed during the
simultaneous growth o€(2x2) phase on two equivalent : . ; 16

sublattices 0110 fcc surface. As it is shown on Fig. 1, the 2 ¢

temperature of annihilatiof, of domain walls is about 310 § o L TP . ’

K, where (—1/2,— 1/2) peak intensity starts to increase, con- & a 112

trary to Debye-Waller effect. Once the annihilation of the z ] . : b

domain walls is completed the temperature variation of the E . Cae® : 3

intensity becomes again dominated by the Debye-Waller de- £ 7° e ® - 108 5

pendence. The result is a relatively well-orderef2x 2) 5] . e

structure with some distribution of domain walls due to the £ . {oa

surface imperfection, “frozen-in" defects, and final width of z | T,

terraces. The relaxed structure produces sharp/2,—1/2) "

diffraction spots, both LEED and TEAS. : : —" o0
The order-disorder transition of thg{2x 2) phase was 350 400 T"iﬁ) 500 550

studied on the {1/2,—1/2) diffraction peak. AboveT
=400 K its intensity falls abruptly and reaches a value close FIG. 2. Normalized intensitydivided by the Debye-Waller fac-
to zero forT=520 K, the process being reversible. It hastor), filled squares, and FWHM, empty squares, of thel(2,
been checked that in the whole temperature range no lead1/2) diffraction peak vs temperature.
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FIG. 3. (—1/2,—-1/2) peak profile at different temperatures.
Solid curves: convolution of a parameterized Lorentzian function
with instrument response function.

theory predicts the following exact values for the lIsing
model: 3=0.125, y=1.75, andv=1.

In order to evaluate the coefficiens y, andv, we pro-
ceeded as follow$31°The diffraction spectra were fitted by
convolution of a Lorentzian functiofusing the experimen-
tally measured parametersand FWHM with our instru-
mental response function. The latter was obtained from the
angular profile of the peak at low temperat820 K). The
results of the convolution procedure for three substrate tem-
peratures are shown in Fig. 3. The temperature dependence
of the FWHM and the intensity of the adjusted Lorentzian,
are then fitted with the functioA(T) of Eq. (2).

Applying the procedure described above we obtained
the following values forT., v, andv: T,=437=2.5K, y
=1.81+0.12, andv=1.03+0.09 [cf. Figs. 4a) and 4b)],
the two critical exponents being in very good agreement with
the theoretical values for the Ising universality class.

The determination of the long-range order coefficigns
a more difficult task and needs the real physical characteris-
tics of the system to be taken into account in more detail.
The deviation from a vertical tangent of th€T) curve at
T=T, can be clearly noticed in Fig. 2. The rounding of the
curve that indicates a “smearing” of the transition can be

4
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FIG. 4. (a) Reciprocal intensity of the Lorentzian function vs

assigned to the presence of “frozen” antiphase bogndjar’ries temperature. Solid line: power-law fib) FWHM of the Lorentzian
and to imperfections of the substrate. The relatively 10Wfynction vs temperature. Solid line: power-law fit) (—1/2,

transfer width of our TEAS instrumeri200 A) additionally

—1/2) normalized peak intensity vs logarithm of the reduced tem-

restricts the experimental precision. Both contributions carperature. The slope of the straight line gives the valge=D.14.

be considered as finite-size effects affecting not only the co-
efficient 8, and but also the critical temperatufeThis prob-

lem will be discussed in detail later. Nevertheless, two dif- 1g/(T)=

ferent methods were applied to extraggt
First, for T<T. we used the functional form of Eql),
with A(T) the intensityl z(T) of the (—1/2,—1/2) diffrac-

V2mAt T—TC(

whereAt is the FWHM of the Gaussian distribution far;

lo TC—T+t)23

o5l Jo

@

tion peak andn=2g. We looked for a linear behavior of the andl, is a constant, allowed us to enlarge the fitting region

double logarithmic plot at three different values Tf [Fig.

nearT. where the rounding of th&(T) curve appears, but

4(c)]. Straight lines were obtained in the temperature rangedoes not permit its full fit. This procedure led to similar

T.—10 K to T.—45 K for 435 K<T.<440 K, with slopes,

values of 28=0.128, as previously obtained, with reason-

23, varying from 0.127 to 0.155. The as determined criticalable estimates foaAt (4 K).!>?Thus our experimental find-
coefficient is then two times smaller than the expected theoings demonstrate very good agreement with theoretical pre-

retical value 3;,=0.125).

dictions of Ising universality class for the critical exponents

Second, a procedure generally used, consisting in introy, v, and deviation for the critical exponet To explain
duction of a Gaussian distribution of critical temperaturesthis discrepancy it is appropriate to divide the influence of

and fitting the measured peak intensity b T, with the

formula®>1®

system “imperfections” on the critical behavior in two
parts:
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(i) contribution of large scale finite-size effects: mean ter-surements that Pb atoms predominately decorate the step
race width, antiphase domain boundaries, transfer width oédges and incorporatalloy) through these edges in the Cu

the analyzer; matrix of the upper terraces. This process can influence the
(ii) contribution of local imperfections: point defects, lat- decay of long-range order in two ways. First, it may lead
tice distortions, surface alloying. again to an additional effective smearing out of the power of

Considering the nature of the coefficiefts y, andv, we  steps to disrupt the critical fluctuation across them. This can
have to take into account that the last twp,and v are  lower the symmetry from that of the flat surface, thus, criti-
extracted atT>T, and they reflect the short-range order cally violating the theoretical expectations based on the sym-
fluctuations in the system. On the contrary, coeffici@t metry considerations. Second, preserving part of the Pb at-
associated with the long-range order parameter, is definesims on the terraces in substitutional positions of Cu atoms
below the critical point aff <T. where the system is or- even after high-temperature annealing. That may change the
dered. It is well known that finite-size effects, e.g., meanenergetics in the adsorbate layer and in that way influence
terrace width, antiphase boundaries, point defects, etc., infliuhe nature of long-range order decyUnfortunately STM
ence the behavior of the real system in the critical regionmeasurements have not been carried out on the high-
That is the case when the correlation length is Comparabl?emperature disordered state o{2x2) phase of Pb/

. . ’30 .
with the system dsr']Zé?; 10166p}r:)\ar?n;clly, the rtlalatlvgly srr?all Cu(110). Thus there is not an experimental evidence for sur-
mean terrace width o of the crystal used In the exy .o alloying for the complete(2x2) phase. For the time

Eﬁ{i'gfrgi (r)nnaeyn tsg?rsia_lr_]t'algn'?Egeggﬁtrg;e ?ﬁ?ﬁ;'% Oigr:heoeing only Monte Carlo results indicate the presence of some
P o 4 9 “frozen-in” defects in the disordered state for the above

T>T,, i.e., in the disordered state of the 2D layer, the cor- tem. This effect. | | be due to th .
relation length is the distance over which ordered region ystem. This €Tiect, In general, can be due 1o the approxima-
on done in the many-body potential parameters, used in the

extend, since the range it measures refers to fluctuatio : -
about domains with no long-range order. Hence, when th§mulation. In the specific case of PbiQ40), the good ex-

correlation length becomes smaller than system size, theerimental values obtained for the critical coefficieptand
short-range order fluctuations will not be strongly affected” SPeak in favor of absence or very small amount of defects
by boundary effects_ According|y, our experimental findingsor a”oyed atoms in the disordered state. That indicates that
gave for the critical exponents that describe the fluctuation othe system most probably conserves the total number of at-
the short-range ordey and the decay of the correlation oms within one layer during the order-disorder transition.
length v, values close to those appropriate for the Ising uni- It is evident that local surface imperfections described
versality model. Thus the first group of the system “imper-above, can affect mainly the critical coefficienjsand v.
fections,” defined as large-scale finite-size effects, influencépparently, this is not the case in our experimental study
essentially the3 coefficient, but have less effect gnandv.  since the extracteds and v are found to be in very good
On the other hand, it is evident that not only large-scaleagreement with theoretical expectation for the Ising univer-
finite-size effects and low transfer width of the experimentalsality class. The above considerations suggest that the devia-
analyzer contribute to deviation from the “ideal” order- tion of the critical exponents from their exact values depends
disorder transition behavior. The influence of local surfacen a different way on both the kind and size of “imperfec-
imperfections should be taken into account, since they act itions” in the real physical system.
the same range as short-range fluctuations in the system Finally, taking into account the general behavior of the
aboveT,.. As a typical example of such local imperfections systemc(2x2) Pb/C{110), the experimentally determined
consider 2D surface alloying. This process of intermixingcritical exponentsy and v being in very good agreement
between Pb and Cu atoms at the system interface was expewth theoretical expectations and the above-described model
mentally observet!’ and may affect the critical exponents in which the extracted critical exponents are influenced
too. Recently, Monte Carlo simulations on Pb(CL0) dem-  mainly by large-scale finite-size effectm a different way
onstrated that partial surface alloying could take place evebelow and abovd ) it could be concluded that Pb/Ci10)
at the completed(2x2) phase §=0.5 ML) (Refs. 18 and layer withc(2X 2) structure reflects the basic characteristics
19) being not completely reversible with temperature pro-of the 2D Ising-type continuous order-disorder transition.
cess. Once the system has been thermally treated to reach theThe results of Fig. &), displaying the temperature varia-
equilibrium state, on going back to low temperature somdion of intensity and the FWHM of the-{1,0) diffraction
part of the Pb atoms remains embedded in the topmost Cpeak, indicate, however, that the order-disorder transition is
layer. Thus additional “frozen-in” distortions and local de- accompanied by some secondary effects. Breaks in the
fects due to alloyed atoms change the “perfection” of bothcurves are clearly seen, whereas in the case of Ising transi-
substrate and 2D adsorbed layer. In some particular caséi®n, the existence of twa(2X2) sublattices should not
(high concentration of alloyed atomthe presence of local have any influence on this particular diffraction peak, be-
surface defects may dominate the effect of finite system sizeause both of them are in phase. No variation of the peak
on the critical behavior. The Monte Carlo results show a veryposition was detected and the transition is reversible within
small shift (—0.25%) of the “effective” transition tempera- the experimental accuracy. By contrast, the FWHM of the
ture obtained in simulations at different system sifebhis  (0,0) peak stays constant up to 550 K, while its intensity is
strongly suggests that the finite-size effects imposed by thdescribed by two successive linear Debye-Waller plots, the
relatively small mean terrace width in the experimental studybreak occurring at abott=430 K [Fig. 5b)]. Such a phe-
cannot only explain by itself the observed different decay olnomenon has been already observed for (@e1)—(1X1)
a long-range order. Nagit al3! have shown by STM mea- transition on the110 surface of gold, and attributed to the
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Y IV. CONCLUSIONS
“m,
404 .
a3 . The temperature behavior of the ordered 2D phase
n X 2) in the system Pb/Qu10) is studied by thermal-energy
a0 a0 a0 a0 s s e’ atom scattering. During the thermal relaxation of the layer
T K domain-wall annihilation is observed in the range of 310 K.

Increasing the temperature an order-disorder transition at 437

FIG. 5. (a) Normalized intensity divided by the Debye-Waller (+2.5) K of the 2D phase takes place. The general behavior
factor and FWHM of the {1,0) diffraction peak vs temperature. of the system indicates that this transition reflects some basic
(b) Logarithm of the specular intensity and FWHM vs temperature.characteristics of 2D Ising universality class. In particular,

the values of critical exponentg=1.81+0.12 andr=1.03

increase, during the Ising-type transition, of the density of+=0.09 being in very good agreement with the theoretical
phonons polarized perpendicularly to the surfice. prediction, while the discrepancy with value could be due

The peculiar behavior of the-(1,0) peak could not be to the “finite-size effects” such as finite terrace width and
explained by melting of the(2X2) layer. Against this hy- domain boundaries. Besides the finite-size effects some ad-
pothesis speaks the lack of displacement of this peak, whictitional deviation from the exact Ising model behavior could
indicates that the disordered structure is governed by the sulbe due to the enhanced surface corrugation of the adlayer. It
strate potential. is shown that the influence of large-scale finite-size effects is

The decrease of intensity of the-(L,0) peak may be due more pronounced belowl, where the long-range order
to change in the surface corrugation of tbtg@x2) layer  dominates over the system. Conversely, in the disordered
during the order-disorder transition. This assumption wastate aboveT., the short-range fluctuations cannot be af-
checked by comparison of the rocking curves of {0¢))  fected critically by large-scale system size limitations. In that
diffraction peak at the completion of tl€2x 2), below and  case, local “frozen-in” defects or lattice distortions may
above the critical temperaturef. Fig. 6. The important modify the exact values of critical exponengsand v. The
intensity oscillations al =373 K at large incident angle dis- experimentally observed strong decrease ofl(0) diffrac-
appear completely @&t=453 K. The peculiar features in the tion peak intensity may be considered as a change in the
specular intensity below the critical temperature are intersurface corrugation during the order-disorder transition from
preted by the presence of selective absorption resonancesstrongly corrugated to a flat surface.
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