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Order-Disorder Transition and Adatom-Adatom Interactions in a Chemisorbed Overlayer:
Oxygen on W(110)*
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The intensity and angular width of superlattice reflections in low-energy electron dif-
fraction from W(110)p (2 x l)-0 are measured as the overlayer disorders. The width of
the reflections increases with temperature, indicating a shrinking of island size. An
adatom-adatom interaction energy is determined for this system by using a short-range-
order model and calculating the diffracted intensity from a chain of atoms.

The description of the surface chemical bond
for simple adsorbate systems is the necessary
first step to studying more complex systems such
as surface reactions. Whereas for a single chemi-
sorbed atom, quantities such as the binding ener-
gy, activation energy for diffusion, adsorbate-
substrate (A-S) force constant, and equilibrium
site and spacing are simply related to the A-S
interaction potential, for more than one atom,
adsorbate-adsorbate (A-A) interactions seriously
complicate the interpretation. It thus seems im-
perative to investigate in detail such interactions.
This Letter reports a measurement of a lateral-
interaction energy by studying the reversible ther-
mal disordering of the chemisorption system
W(110)p ( 2 x 1)-O.

It has long been recognized' that lateral inter-
actions are important. One can frequently tell
from the development of the low-energy —electron-
diffraction (LEED) pattern as a function of cover-
age whether lateral interactions in particular di-
rections are attractive or repulsive. However,
the magnitude of these interactions is much hard-
er to obtain. In principle, the change of the heat
of adsorption with coverage should give a mea-
sure of the A-A interaction energies. Some suc-
cess has been achieved in this manner if the A-A
interactions are strictly repulsive. ' However, if
attractive interactions are present, growth of or-
dered islands takes place by the addition of atoms
at the island boundaries and the heat of adsorp-
tion becomes constant at very low coverages,
i.e. , after the size of the island exceeds a few
atomic diameters. In this case, the lateral-inter-
action energies can sometimes be obtained by ob-
serving the diffraction from an ordered layer as
it undergoes reversible thermal disordering.
This is, of course, well known in the theory of
ordered alloys, but has been almost completely
ignored for surfaces. '

We have measured the order-disorder transi-

tion in W(110)p (2x 1)-O in order to extract a lat-
eral-interaction energy. This system has been
studied extensively. 4 Some relevant results are
as follows: (1) Oxygen chemisorption below
1000 K to the half-monolayer coverage does not
reconstruct W(110); hence the 0 atoms sit on top
of W. ' (2) Observation of the diffraction as 'a func-
tion of coverage shows sharp superlattice beams
even at lowest coverages, indicating that ordered
islands nucleate randomly on the surface and
grow rapidly by the addition of atoms at their
boundaries. ' The final p(2x 1) structure consists
of domains of doubly spaced close-packed rows
parallel to (111)directions. The double spacing
indicates a nearest-neighbor (NN) repulsion, but
in order to form islands, a next-nearest-neigh-
bor (NNN) attraction is also required. Along the
close-packed 0 rows, the interaction is obviously
attractive but, since streaking is never observed
in the diffraction pattern, it is probably much
smaller than the NN repulsion normal to the rows.
(3) The best value for the heat of adsorption for
0 on W(110) is s 126 kcal/mole, from flash-de-
sorption experiments, ' but the interpretation of
this number in terms of A-S binding energy is
unclear because of lateral interactions and the
possibility of oxide formation during the flash.

The apparatus used for this work consisted of
a LEED diffractometer with a movable Faraday-
cup detector that allows measurement of both the
intensity and the angular width of diffracted beams.
The system response function was measured by
measuring diffracted-beam widths from a well-
prepared clean W surface for different electron
energies and different sized detectors and is ap-
proximately Gaussian with wings slightly above
Gaussian. The measured coherence width for the
electron energies and the 1-mm-diam aperture
used in these experiments is = 100 A. The W
crystal was prepared and clemed in ultrahigh
vacuum in the standard manner. ' The p (2x 1) lay-
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er was formed in several different ways, ' all of
which gave reproducible LEED intensities, in-
dicating that the measurements reported here
were made from a surface with maximum cover-
age and order in the P(2&&1) structure. Superlat-
tice-beam angular profiles at room temperature
were instrument limited, indicating adsorbate
coherent domains of greater than 100 A width.

The presence of an order-disorder transition
for this system can be seen by observing the tem-
perature dependence of the diffracted beams,
shown in Fig. 1. The slope of lnI versus T,
through the Debye-Wailer factor, is of course
related to the vibrational amplitude of surface
atoms. The sudden departure from linearity for
the superlattice reflections indicates an order-
disorder transition. An order-order transition
is excluded by the absence of any new superlat. -
tice beams above the transition.

Information on the nature of the new sites oc-
cupied after the disordering can be obtained by
observing the intensity of the (00) beam for the 0-
covered surface. If the 0 binding site changes,
the intensity profile I versus E above the transi-
tion should be different and the lnr-versus-T plot
should depart from linearity at those energies at
which the oxygen makes a large contribution to
the total scattering. Neither of these were ob-
served; hence the transition involves only a sin-
gle type of 0 binding site. The previously empty

rows in the overlayer are becoming randomly
populated, a situation analogous to substitutional
disorder in binary alloys, the A and B sublattices
in the ordered state being occupied respectively
by 0 atoms and vacancies.

In order to determine whether long-range cor-
relations are preserved, the superlattice-beam
widths were measured. If long-range order is
preserved, the beam intensities decrease with
increasing short-range disorder, but the beam
widths remain unchanged, as for example in
Bragg-Williams disorder. " For the ordered 0
layer on W(110), superlattice-beam angular
widths increase with temperature during disorder-
ing as is demonstrated in Fig. 2. For compari-
son, the width of a beam for the clean surface is
also shown. Its width is due to instrumental
broadening (equal to that produced by an ordered
region of = 100 A in diameter) and is thus as nar-
row as any beam will ever appear in the diffrac-
tometer. The presence of sharp superlattice re-

0
flections says only that = 100-A-diam ordered is-
lands are present at room temperature. The pic-
ture of the disordering then is one of islands that
decrease in size with increasing temperature,
the atoms hopping out of close-packed rows into
equivalent vacant sites. Long-range correlations
are not necessarily preserved in overlayers, as
has been implicitly assumed. ""

In order to make quantitative comparison with
our measurements, we have calculated, using
a short-range-order model, "the diffracted in-
tensity for kinematic scattering from a chain of
atoms. The use of a kinematic calculation is jus-
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FIG. 1. Temperature dependence of LEED reflections:
curve a, superlattice reflection showing order-disor-
der transition, (22) beam, 24 eV, 0=-6; curve Q, clean
substrate, (00) beam, 54 eV, 0 = 6'; curve c, 0-cov-
ered substrate, (00) beam, 132 eV, 0=7'.
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FIG. 2, Dependence of the angular width of diffracted
beams on temperature. E = 89 eV, angle of incidence
0=7 . Circles, clean substrate, (00) beam; crosses,
(&22) superlattice reflection.

443



VOLUME )5, NUMBER 7 PHYSICAL REVIEW LETTERS 18 AUGUsT 1975

tified because the intensity is calculated at fixed
diffraction variables and energy, as a function
only of overlayer order. '4 The assumed one-di-
mensional interaction is used as a first approxi-
mation to describe the disordering into the empty
rows, and is justified if the interaction along the
filled rows is weaker than that normal to them.

The diffra, cted intensity can be written'

1(Sii) =~ &Ifol'
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x Q„[1—2P» (r„)]exp(iS i~ r„),

where 8~~ is the momentum transfer parallel to
the surface, N is the number of sites in the lay-
er, and fo is the effective 0 scattering factor.
The sum includes all different surface vectors r„.
P» (r„) is the autocorrelation function of the over-
layer structure, i.e. , the probability of finding an
oxygen-vacancy pair separated by the vector r„.
The overlayer order thus enters through P»(r„),
which yields the order parameters

n„=1—2P»(r„). (2)

The problem reduces to determining e„.
To compare with experiment, the instrument

response, T (S~~), must be considered. " The mea-
sured intensity is given by

~(S ) =I(S )*T(S ). (3)

Combining Eqs. (1)-(3) and using the convolution
theorem gives

el (Sii) = NI fol 2'r„t(r„)a„exp(tS [[ r„) (4)

where t(r„) is called the transfer function. T (S~i)

is experimentally accessible as already described.
Considering only a repulsive NN interaction,

all e„are expressible in terms of a single param-
eter p, the probability of having unlike nearest
neighbors along the chain. The order parameters
then are"

(R„= (1 —2p)".

If this model is adequate, both the change in the
intensity and the change in angular width of the
superlattice reflections with temperature should
give the same value for p. Figure 3 shows to
what extent this is true. The filled circles give
the measured decay of the relative intensity as a
function of temperature. The dashed curve re-
presents the intensity obtained by matching the
widths of the superlattice beams (crosses in Fig.
2) and using the values of p thus obtained to cal-
culate the intensities. The comparison is reason-
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FIG. 3. Dependence of reduced intensity on tempera-
ture. 1«~,~& is obtained by extending the linear por-
tion of lnl versus T. Filled circles are the experimen-
tal values from Fig. 1. Dashed line is the intensity cal-
culated from the crosses in Fig. 2.

able in view of the simplicity of the model; how-
ever, it is clear that the inclusion of NNN inter-
actions, necessary for island growth as discus-
sed earlier, will improve the match.

Mindful of the limits of this model, the values
of p versus T can be used to calculate the NN re
pulsive-interaction energy. Under the assump-
tion that the population of sites is determined by
Boltzmann statistics, the enthalpy difference b,H
between the ordered and random configurations
is given by"

(1 -p)lp exp(-&&/I T). (6)

Plotting ln [(I -p)/p] versus 1/T with use of the
limiting values of p obtained by matching the ex-
perimental angular widths and intensities yields
straight lines with slopes corresponding to LH
= 0.43 and 0.68 eV/atom.

In summary, the P(2x1)-0 structure is seen
to disorder substitutionally, with ordered islands
shrinking in size. To our knowledge, this is the
first systematic measurement of the angular
width of diffracted beams for an overlayer order-
disorder transition. The islands are &100 A in
diameter at room temperature but are only on the
order of 10 A in diameter at 600 C. By use of a
short-range-order model to describe the disor-
dering, order parameters are obtained and the
lateral-interaction energy determined directly by
comparison to experiment. Including NN repul-
sive interactions only gives an enthalpy difference

444



VOLUME 35, NUMBER 7 PHYSICAL REVIEW LETTERS 18 AUGUST 1975

0.43 eV/atom ~ AII ~0.68 eV/atom between the or-
dered and disordered states at half-monolayer
coverage. This number is, as expected, "about
10% of typical A-S binding energies. The uncer-
tainty in the value could probably be reduced by
including NNN interactions. Although the mea, -
surements were made for half-monolayer cover-
age, the nature of the disordering of the islands
suggests that this lateral-interaction energy
shouM be the same at much lower coverages. Ex-
periments are in progress to check this.
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X-ray-diffuse-scattering measurements of tetrathiafulvalene tetracyanoquinodimethane
(TTF"TCNQ) show structural evidence of a phase transition. The low-temperature three
dimensional superlattice (2ax 2.7bxXo) is found to be preceded above 40 K by one-dimen-

sional fluctuations or a one-dimensional distortion visible up to 55 K.

Earlier studies of the dc, microwave, and op-
tical properties have shown that tetrathiaful-
valene-tetracyanoquinodimethane (TTF-T(.NQ}
is not a simple metal. ' 9 Above 58 K, there is an
energy gap' at Sg~ =0.14 eV and an extremely
narrow conductivity mode centered at zero fre-
quency. Near 58 K, TTF-TCNQ undergoes a
metal-insulator transition" to a high-dielectric-

constant' semiconductor in which the oscillator
strength is shifted from zero frequency and

pinned in the far infrared. '
In an earlier work, ' it was proposed that above

58 K, the electrical transport in this compound is
dominated by superconducting fluctuations asso-
ciated with a Peierls instability in which a phonon
mode is driven soft by the one-dimensional (1D)


