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It is shown that a determination of critical exponents in surface phase transformations based on a
kinematic analysis of LEED peak intensities is subject to errors caused by multiple scattering that
are large enough to prevent a clear assignment to a known universality class. The multiple-
scattering contribution arises from short-range fluctuations and has its maximum value at the tran-
sition temperature. The specific-heat exponent of the surface phase can be measured directly from
the variation of the integral-order-beam intensity with temperature that is caused by the multiple

scattering.

PACS numbers: 61.14.Hg, 61.14.Dc, 64.70.—p, 68.35.Rh

Low-energy electron diffraction (LEED) provides
the most convenient and readily accessible tool for
studying critical phenomena at crystal surfaces and has
been used in several such investigations.!"® A major
uncertainty in the interpretation of experiments in
terms of critical exponents or order parameters is the
influence of multiple scattering, which causes the dif-
fraction to probe multisite correlations and not simply
pair correlations as in x-ray or neutron diffraction. In
the past this complication has been neglected, on the
basis of arguments that near normal incidence,
multiple-scattering processes in the overlayer are
weak. We show here by explicit calculations of effec-
tive scattering amplitudes that this argument is not jus-
tified in general and that a kinematic analysis of peak
intensities can lead to errors in the determination of
critical exponents that are large enough to prevent a
clear assignment of the experimental system to one of
the known universality classes. We derive expressions
that allow an assessment of the influence of multiple
scattering and suggest methods to determine its mag-
nitude and the diffraction conditions for which it is
weak. We also show that multiple scattering is related
to the specific-heat exponent of the overlayer phase.

In a second-order phase transition usually three crit-
ical exponents, B, y, and v, can be measured from dif-
fraction data.” They describe the temperature depen-
dences of the order parameter, M, the correlation
length, ¢, and the amplitude, I, of the critical scatter-
ing at @=0, where q is a momentum vector:

M~ <0,
)

£~ e,

where t=(T,—T)/T, is the reduced temperature.
The correlation length, ¢, is defined by the exponen-
tial decay of the pair correlation function p(r), for
r>>¢ ie., p(r)~rlexp(—r/¢), where r is the
separation between two scatterers, and 6 is an ex-
ponent that depends on the specific model and is dif-

ID(Q':O,t) -~ |f'_7,

ferent for the temperature regions 7 < 7,, T > T,,
and T=T,%'" The order parameter, M, is given by
the limit of pair correlations for large distances. In a
LEED experiment the order parameter is measured
from the intensity of the central peak (the Bragg inten-
sity component) in a superlattice-beam profile. The
fluctuations in order and the correlation length are
measured from the amplitude and width of the diffuse
intensity around this central peak (the critical-
scattering component). The correlations that are
probed by LEED contribute to the diffracted intensity
not with their statistical weight but with a weight that
also involves scattering amplitudes. The intensity of
the diffuse scattering consequently reflects not only
statistical fluctuations in order but also fluctuations in
the scattering amplitudes. If multiple scattering is im-
portant the scattering amplitudes of atoms that are
identical except for their positions in the structure can
be quite different. It is this effect that leads to errors
in the determination of critical exponents.

To calculate the influence of multiple scattering on
diffraction from a structure consisting of domains and
boundaries (and therefore having finite correlation
lengths), it is convenient to define an effective scatter-
ing amplitude that relates the total outgoing flux from
an atom with a specific environment to the incident
beam.'"!? Atoms in the centers of domains have en-
vironments different from those of atoms near domain
boundaries and will have different effective scattering
amplitudes. During a phase transition the density of
domain boundaries changes and, hence, so do the ef-
fective scattering amplitudes. To demonstrate the
magnitude of the variation in effective scattering am-
plitudes we have performed model calculations for two
systems, Cu3;Au(100), a surface on which a recent
LEED study of the ¢(2x2)-to-(1x1) order-disorder
transition showed apparent strong multiple-scattering
effects,* and the p(1x2) overlayer of O on W(110),
which was chosen to represent a typical chemisorption
system. For both systems two layers, the superlattice
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FIG. 1. Variation of effective scattering factors for unit meshes near an antiphase boundary. (a) Model of
Cu3Au(100)c(2x2). Filled circles, Cu atoms; open circles, Au atoms. (b) Effective scattering factors of the (%,%) beam for
the individual unit meshes shown in (a); £, =108 eV, normal incidence. (c) Model of W(110)p (2x1)-O. Filled circles, W
open circles, O. (d) Effective scattering factors of the (%, 0) beam at two energies for the individual unit meshes shown in (c).
In (a) and (c¢) the antiphase boundary is marked by the dashed line. The dashed lines in (b) and (d) show the magnitudes of
the scattering factors for the respective perfect lattices.

and one underlying (1x1) layer, were assumed. For tially from those of meshes in the perfect lattice and
CuzAu a periodic array of antiphase boundaries that the variation due to multiple scattering may be of
separated by 7 overlayer lattice constants was as- the same order of magnitude as the scattering factors

sumed.!®> The model and the scattering factors for the of meshes in the perfectly ordered structure. The lat-
individual unit meshes are shown in Fig. 1. The eral extent of this variation away from the domain wall
domains are chosen large enough to avoid the oc- may frequently be limited to one or two lattice con-
currence of multiple-scattering paths that see more stants but may in unfavorable cases be greater. Both
than one domain boundary. The individual scattering the magnitude and extent depend on diffraction
amplitudes for all unit cells were calculated by use of parameters and atomic scattering factors.

the symmetrized version of the f-matrix method.! To calculate how the multiple scattering influences
The atomic potentials and nonstructural parameters the determination of the order parameter and correla-
were the same as those used in previous LEED struc- tion length, we write the total diffracted intensity in
ture analyses.!” Figure 1(b) shows the effective terms of effective scattering amplitudes f;,(k, k').
scattering factors for the model of Cu;Au(100)- The index / refers to the atom of type / (e.g., in the
c(2x2) shown in Fig. 1(a). Figure 1(d) shows Ising model to atoms 4 and B) and the index
scattering factors for O on W(110), which were calcu- n=1— N, refers to the atomic configuration of its en-
lated for periodic antiphase boundaries separated by 5 vironment. The total number N, of different confi-
overlayer lattice constants [Fig. 1(c)]. Results on both gurations depends on the attenuation length of the
systems show that effective scattering factors of unit electron. k and k' are the wave vectors of the incom-
meshes near domain boundaries may differ substan- ing and outgoing beams. The diffracted intensity at q

| and reduced temperature ¢ is then

1(q,0) ~ N2F128(Q) +N 2 2 ([f,0(0) = F11/1 (0) = F*]ye o, )

r o ijmn

where f = SinPinfin and 3,p,,=p;, q=k—k'+g, g is a reciprocal-lattice vector, and the arguments k and k' of
the scattering amplitudes have been dropped. The probability p; is the occupation number (or equivalently the
coverage) for the ith sublattice. The probabilities, p;,, for the configurations describe the multisite correlations.
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The influence of multiple scattering on the intensity of the Bragg scattering peak is seen by separating the contribu-
tions of boundary atoms: v
o= fr A T=Zpti+ S 3 pab = Spfi+ S (0B], BF,=ZAS 3)
i i=ln=1 i i n
where the f; | are the effective scattering amplitudes in the ordered structure for 7 < T, —A_f,. is the average devia-
tion from f; |, and x; (t) is the fraction of atoms of type i/ near a boundary. This fraction is proportional to the total
boundary length of the fluctuations. To a first approximation we assume that A f; is constant during the ordering
process. This approximation is, of course, only valid in a certain temperature range and not at 7= T7,. The aver-
ages Af; are defined differently below and above 7..'¢
We consider a phase transition in an antiferromagnetic Ising model with two atoms, 4 and B. We obtain for the

peak intensities!’
2

Af,—Af
()0~ M2 — fyl2fl+x (02288 |
fA—fB (4)
— L |2
. Afs+Afp
1,(00,0),1) ~ N2|f + f51? 1 + N
» |4 + /5l x (1) i,

where M is the long-range order parameter, N is the total number of atoms, and Af, and Z_fg are as defined
above. Equation (4) shows that the intensities of the integral-order beams as well as the half-order beams vary
with temperature. The temperature dependence of the fraction of atoms in boundaries behaves like the derivative
of the free energy and is therefore related to the specific-heat exponent, «, of the overlayer'8:

x(t)~a+b¥|et|' e+ *|s], (5)

where the plus and minus signs apply for 1 > 0 and ¢ < 0, respectively.!” We obtain for the critical behavior of the
peak intensities of integral and half-order beams

L(5,5).0)~ 847 (k,kK)+ B (kLK) [t'7*+C (kKD e]]%

(6)
L,(€0,0),r) ~ 14,5 (k. k') +By* (k, k) [t]'7*+C* (k, k) e]]2.

The intensity variation of the integral-order beams [
with temperature is due purely to the influence of the diffuse intensity, we separate the fluctuations in

multiple scattering. A measurement of this variation order from the fluctuations occurring in the effective
allows a determination of the specific-heat anomaly scattering amplitudes brought about by multiple
during a phase transition. The factors 4 (k, k'), scattering. We obtain for the peak value of the diffuse

B(k, k'), and C (k, k') are complex numbers that are
proportional to the relative variation of effective
scattering amplitudes. They may vanish at specific dif-
fraction conditions but have in general the same order
of magnitude as the single scattering, as shown in the o ——1
examples in Fig. 1. The multiple-scattering contribu- “a

tion is different below and above the transition tem- Ml oS

perature and changes its sign, which causes a continu-
ous increase or decrease of the intensities of the

(%]
=
integral-order beams. Its influence is maximum at 7. Hp A

This behavior is illustrated schematically in Fig. 2. It T 1

has recently been observed for Cu;Au(100).* Specifi- ¢

cally for Cu;Au(100) we find a decrease of the (0,0)- FIG. 2. Schematic representation of multiple-scattering
beam intensity at 108 eV, in agreement with observa- correction for the peak intensities of integral-order beams.
tion.* The magnitude of this decrease is also in rough (a) Decay of the square root of the peak intensity,

1,((0,0),r) from Eq. (6), with temperature. In the
kinematic limit there would be no intensity decay. (b)
Multiple-scattering contribution. The maximum effect oc-
curs at 7,. The multiple-scattering contribution is not neces-

agreement with experiment.* Equation (6) can also

explain the observation that the peak intensities of nei-
ther the (3,5 ) nor the (0,0) beam gave a straight line

4 : . . .

on a logl,-vs-logs plot,” as would be expected if a sarily symmetric around 7.. The same effect occurs in su-

universal exponent 8 were measured. perlattice beams in addition to the intensity decay due to the
To determine the influence of multiple scattering on order-disorder transition.
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intensity?°

Ip(@=0,0)~ |74 F (kLK) +BF (K K)|t|'"*+C* (k,k)|e|1?+D*(k k')t~ +const. (7

Equation (7) shows that the peak intensity of the dif-
fuse scattering has two different multiple-scattering
corrections. The divergence |7|~7 is enhanced or di-
minished by a cusplike function that arises from the
fact that the average scattering amplitudes change with
temperature. This factor is the same as for the central
peak discussed above. In addition to that correction
term there is a second contribution that exhibits a
divergence like the specific heat. It arises from fluc-
tuations in the effective scattering amplitudes and is
therefore proportional to free-energy fluctuations.
The factor D ¥ (k, k') has the same order of magnitude
as the first correction term and vanishes only when all
individual multiple-scattering contributions become
negligibly small. One concludes that y cannot be reli-
ably obtained from a kinematic analysis.

In summary, we have shown that the peak intensi-
ties of the central peak and the critical scattering have
multiple-scattering corrections that can be related to
the specific-heat exponent. The total intensity—the
sum of integrated critical scattering and the central
peak—is not conserved as a function of temperature if
multiple scattering is considered. In fact, the total in-
tensity can be used to test whether multiple-scattering
effects are important at the chosen diffraction condi-
tions. When it is important, it can modify the values
of the critical exponents that are extracted from the
data sufficiently to shift assignment from one univer-
sality class to another. The description given above is
valid only for a range of temperatures. Far away from
the critical point the power-law approximation is not
valid. Directly at the transition temperature the as-
sumption made in Eq. (3) that the Af’s are tempera-
ture independent is not valid, because the correlation
functions decay differently with distance at 7, from
the way they do above or below 7,.. Between these
limits, it should be possible to analyze the critical
behavior quantitatively.

Our conclusions thus cast doubt on the reliability of
previous determinations of critical phenomena in over-
layers that have been evaluated within the kinematic
approximation. Although multiple scattering makes
the analysis of the experimental phase-transition data
more complicated, it also offers new perspectives. Be-
cause kinematic diffraction probes only the pair corre-
lations, the existence of interactions between further
neighbors must be deduced indirectly. If the calcula-
tions for the effective scattering amplitudes can be
made quantitative, the measurement of multisite
correlations becomes possible from an analysis of the
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diffracted intensity during a phase transition.
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