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Two-dimensional ordering of chlorine on Ag(100)
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Chlorine adsorption on Ag(100) saturates at 2 monolayer (ML) in a c(2&&2) structure. Desorp-

tion occurs above 650 K without disordering. The sticking coefficient remains constant to within

0.05 ML of saturation, consistent with the existence of a highly mobile precursor to adsorption. The
c(2&2) structure forms at a critical coverage of 0.394+0.007 ML at room temperature. This is

slightly higher than the critical coverage of the hard-square model (0.368 ML), suggesting the influ-

ence of further-neighbor interactions. The transition to an ordered structure as a function of cover-

age is second order aud the measured critical exponent P/(1 —ct} is 0. 12+0.04, consistent with the

Ising value of 8.

I. INTRODUCTION

The experimental study of two-dimensional critical
phenomena in chemisorbed systems is a relatively new
topic, and one of increasing interest. It has been known
for some time that mobile, chemisorbed species on clean,
single-crystal metal surfaces can form ordered overlayers
under certain conditions, ' and over the years the existence
of such ordered overlayers has been reported for an enor-
mous number of systems, one recent reference listing 444.
The lattice-gas model can be used to predict the phase dia-
grams for such systems of atoms adsorbed on surfaces.
Comparisons between these model phase diagrams and ex-
perimental phase diagrams can be used to draw con-
clusions about adatom-adatom interactions. In this paper
we apply a much studied lattice-gas model —the hard-
square model —to chlorine adsorbed on the (100) face of a
silver single crystal. Using low-energy electron diffrac-
tion (LEED), Auger-electron spectroscopy (AES), and
work-function-change measurements, we have studied the
temperature-coverage phase diagram for Cl/Ag(100). By
comparing this phase diagram with hard-square diagrams
we have been able to make inferences about the Cl-Cl in-
teractions.

Previous work has established that Cl dissociates and
forms a c(2)& 2) structure on Ag(100) for sufficiently high
Cl exposures. In this structure the Cl is believed to be
bonded at the fourfold hollow site of the first layer of Ag
atoms ' (Fig. 1). If we assume that this binding site is the
only one, we might be able to specify the energy U of a Cl
overlayer by specifying the configuration of Cl atoms on
the square lattice. Explicitly,

U(In; I)=—pgn;+ gE 'n;n +gE k'n;n nk+. .
i,j,k

degrees of freedom of the substrate-adsorbate system do
not interact with the site occupancy degrees of freedom.
A simple form of this model, which appears to describe
our experimental system quite well, occurs when the
nearest-neighbor pairwise interaction energy (Et in Fig. 1)
is effectively an exclusion for accessible temperatures and
pressures. The Cl atoms can then be thought of as hard
squares, blocking neighboring sites from occupation. If
there were no further-neighbor interactions (an assump-
tion that would be valid at temperatures much greater
than all interaction energies except for the nearest-
neighbor exclusion), the Cl atoms could be described by
the pure hard-square model considered by many au-
thors. ' This athermal model has a continuous order-
disorder transition at a coverage (e), which is controlled
by p, of approximately 0.368 (Refs. 10 and 13). (e=O.S
is the saturation coverage. ) At densities less than this e,
the system is disordered; at densities greater than 8, there
is long-range c(2&&2) order. There is strong evidence that
this transition is in the Ising universality class, as expect-
ed.

At room temperature we observe that Cl/Ag(100) un-

where n; is the occupancy (0 or 1) of the ith bindin site,
p is the chemical potential of the Cl overlayer, E;~

' are
pairwise adatom-adatom interaction energies, E,zk' are trio
energies, and so on. This is the square lattice-gas model.
It implicitly assumes that thermal vibrations and all other

FIG. 1. A schematic picture of the c(2)&2) overlayer formed
by Cl on Ag(100). El and E2 represent the nearest- and next-
nearest-neighbor interaction energies.
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dergoes a continuous order-disorder transition at a cover-
age of 0.394+0.007. We find that we can account for the
difference between the critical coverage for Cl/Ag(100)
and the pure hard-square model by assuming reasonable
further-neighbor interactions. For example, the calcula-
tions of Kinzel and Schick' show that a repulsive
second-neighbor interaction energy (E2 in Fig. 1) would
account for the difference.

The remainder of the paper is divided into four sec-
tions. In Sec. II details of sample preparation and in-
strumentation are described. In Sec. III experimental data
on the Cl adsorption kinetics, the temperature dependence
of the c(2X2) overlayer, and the changes in the LEED
beam profiles through the ordering transition are present-
ed. Analysis and discussion of the experimental results
are presented in Sec. IV. In Sec. V the major results and
conclusions are summarized.

II. EXPERIMENTAL

Experiments were performed in ultrahigh vacuum
(UHV) in a stainless-steel bell jar equipped with a quadru-
pole mass spectrometer and LEED-AES electron optics.
The system also contained provisions for cleaning the
sample by Ar+ ion bombardment. Chlorine, nominally
99.995%%uo pure, was admitted through a conventional vari-
able leak valve. Chlorine exposures are reported in Lang-
miurs (1 L—:10 torrs) using the uncorrected pressure
measured with an ion gauge mounted near the leak valve.
The actual exposure at the sample is lower by an unknown
amount due to a large sticking coefficient for C12 on the
walls of the chamber. The sample temperature was moni-
tored by a Chromel-Alumel thermocouple and could be
controlled from 90 to 1000 K.

A spot photometer consisting of a 35-mm camera lens
and a photomultiplier tube with a pinhole aperture was
used for measuring the LEED beam intensity profiles. A
flat mirror was used to position the desired diffraction
spot onto the center of the camera lens, which focused an
image of the spot onto the pinhole aperture. Beam pro-
files were measured by sweeping the beam across the aper-
ture by changing the primary energy of the electron gun.
The surface parallel component of the wave vector, k~~,
was obtained from

' I/2
2mE

g2
sin8, (2)

where E is the electron energy and 0 is the angle between
the normally incident beam and the diffracted beam.

The silver sample was oriented to within —,
' of the (100)

plane. The surface was prepared by a combination of
simultaneous mechanical and chemical polishing. A
chemical polish of 88% H20, 11% Cr03, and 1% HC1
was mixed with 0.05-pm alumina grit, and the silver was
mechanically polished with this mixture. The surface was
then carefully rubbed with a cotton swab soaked in the
chemical polish until the "tears" resulting from mechani-
cal polish just disappeared. The sample was rinsed in
boiling, distilled water, followed by a second rinse in
acetone and methanol. After this procedure, large areas
of the surface appeared perfectly smooth under a 200&

A. Adsorption

The Cl/Ag(100) system was examined using LEED,
Auger-electron spectroscopy, and work-function measure-
ments. As shown in Fig. 2, the Cl Auger signal increased
almost linearly with exposure to C12 at 2X10 torr until
it abruptly saturated at an exposure of about S L. Addi-
tional exposure of up to hundreds of langmuirs of C12 pro-
duced no further measurable increase. As shown in Fig.
3, the increase in work function with exposure to Cl close-
ly parallels the Cl Auger signal, providing strong evidence
that only a single adsorption state is present. Finally,
c (2X2) features, which appeared in the LEED pattern at
an intermediate coverage, reached their maximum intensi-
ty at the saturation coverage, and showed no further
change with exposure.

These three observations were used to calibrate the Cl
Auger signal in terms of monolayer coverage. The Auger
signal is assumed proportional to the number of chlorine
atoms on the surface, which should be the case for sub-
monolayer quantities of an adsorbate occupying a single
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FIG. 2. The Cl Auger peak height as a function of exposure
to C12 at 300 K. The straight line is a least-squares fit to the
data points for 6 ~0.4.

microscope. After an initial cycle of sputtering and an-
nealing in UHV, sulfur was the principal contaminant.
The sulfur was eliminated by slowly sputtering the hot
sample (T=630 C, V=250 V, I=12 pA) for 24 h, then
annealing in UHV for —,

'
h at 500 C. The silver surface,

once cleaned, exhibited sharp LEED spots, and proved to
be remarkably inert with respect to background gases.
AES spectra from a freshly prepared surface could be tak-
en days apart without any noticeable change. This con-
venient property allowed data collection over runs as long
as 8 h without significant surface contamination.

III. RESULTS
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FIG. 4. The (—', —' } LEED beam height as a function of tem-

perature at 6= z and E; =66 eV.

type of adsorption site. The optimum coverage for the
c(2 && 2) structure is B= —, . Any additional adsorption
would cause a decrease in intensity of the c(2 X 2) LEED
beams, which was not observed even for C12 pressures as
high as 5&& 10 torr. The strength of the Cl Auger signal
at saturation did not change with temperature between
300 and 600 K. Therefore we assign the low-temperature
limit, 6= —,', to the saturation coverage at 300 K. This
results in a linear calibration of the Auger peak height to
coverage as shown on the right-hand axis of Fig. 2. In ad-
dition the linear dependence of coverage on exposure can
be used to determine coverages less than 0=0.45. The
straight line in Fig. 2 is a least-squares fit to the data with
slope 0.10 ML/L.

B. Temperature dependence

To examine the temperature dependence of the c(2X2)
phase boundary, we exposed the clean Ag surface at 90,
300, and 430 K to C12 at 10 s torr. The c(2&&2) diffrac-
tion features appeared at approximately the same Clz ex-
posures (=4 L) at all three temperatures. The quality of
the Cl overlayers appeared to be temperature independent.
We were able to heat a barely ordered overlayer (one with
a diffuse LEED pattern) from 90 to 650 K with no per-
ceptible change in the quality of the c(2X2) diffraction
pattern. The Cl began to desorb at 650 K. The c(2&&2)
phase boundary thus appears to be roughly independent of
temperature.

A measurement of the peak intensity of the ( —,', —,)-order
LEED beam at 6=—, versus temperature is shown in Fig.
4. There is only a gradual, smooth decrease in peak
height, which is attributable to the Debye-&aller effect.
We did not observe the c(2&&2) overlayer to disorder
upon heating until actual desorption began. Even then,
the overlayer disordered only when the chlorine coverage
fell below -0.4 monolayer, i.e., below the critical cover-
age for ordering at any temperature. In agreement with
Cardillo et ai. but in disagreement with Tu and Blakely,
we find no evidence for a reversible order-disorder transi-
tion above approximately 450 K.

We also find no evidence for irreversible changes in the
Cl overlayer upon heating as reported by Kitson and Lam-
bert. ' They reported a break in the LEED I-T curve at
430 K. Our result in Fig. 4 clearly does not show such a
break and also is fully reversible. Irreversible changes in
the work function and the cross section for electron-
stimulated desorption (ESD) following heating were also
previously reported. ' Upon heating 20 min at 500 K, we
found that the work function of the Cl-saturated surface
decreased by only 0.05 eV (the limit of our resolution).
We tested the susceptibility of the c(2X2) chlorine over-
layer (unheated) to ESD by exposing it to an electron
beam of 100 pA at 1840 V for 30 min. There was a no-
ticeable amount of ESD observed, in disagreement with
Kitson and Lambert. The coverage, as measured continu-
ously by AES, dropped steadily from 6=0.5 to 0=0.37.
The coverage on other parts of the sample not touched by
the electron beam was still found to be 0.5 ML after this
time. %"e repeated this measurement under a large num-
ber of different dosing and heating procedures. The
amount of ESD proved to be independent of the heating
and cooling history of the sample, in complete disagree-
ment with the previous report. '

C. Measurement of the phase boundary

Our detailed observations of the c(2X2) order-disorder
transition consisted of measurements of the ( —,', —,

' )-order
LEED beam intensity profile as a function of coverage.
The major problem encountered in the acquisition of these
data was the accurate determination of the coverage of
each profile. We used two approaches. The first was a
constant-pressure technique, in which the LEED profiles
were taken as a function of exposure, which was then con-
verted to coverage. The second was a "start-stop" tech-
nique, in which a coverage was explicitly measured for
each profile with AES. These two methods yielded the
same results and thus served to check each other.

The constant-pressure technique took advantage of the
linearity of the chlorine coverage versus exposure curve
(Fig. 2). First, the photometer was focused on the posi-
tion of a ( —,, —, )-order LEED beam. One AES spectrum
was then taken to determine the exact starting coverage.
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(The approximate starting coverage was always about 0.30
ML. ) Clz at a pressure of 2X10 torr was admitted to
the system, and a number of profiles were then taken
evenly spaced in time. After the overlayer was ordered,
the run was stopped and a second AES spectrum taken to
determine the exact final coverage. Knowing the final
and initial coverages, and using the demonstrated linearity
of coverage versus exposure, we could then determine the
coverage for each profile. The primary disadvantage of
the technique was that it was difficult to regulate the
chlorine gas pressure precisely.

In the start-stop technique, first a LEED profile was
taken, then a coverage for the profile was measured
directly with AES, and finally the sample was dosed with
a very small amount of chlorine and the cycle repeated.
Since we were using one set of electron optics for both
LEED and AES, this technique required refocusing the
electron gun and optics for each profile measured. It was
thus difficult to maintain uniform experimental condi-
tions for each profile.

Fortunately, the complementary nature of the two tech-
niques meant that they could be used to check each other.
No consistent differences could be found in the profiles
generated by the two methods. We estimate the relative
coverage sensitivity of both techniques to be 0.005 ML.

. The final data set used in our attempt to extract critical
exponents consisted of 47 LEED intensity profiles spaced
more-or-less evenly in coverage from 0.32 to 0.47 mono-
layer. All the profiles were taken at room temperature
and with the same primary LEED beam energy, 66 eV.
Representative profiles at coverages 0.36, 0.39, and 0.49
are shown in Fig. 5. The intensity and widths of the beam
as a function of coverage are shown in Figs. 6(a) and 7. It
is apparent that ordering occurs at 6,=0.39. A detailed
analysis of the ordering transition is presented in Sec.
IV C.

IV. ANALYSIS
'

A. Adsorption kinetics

The linearity of the coverage-exposure curve indicates
that a simple geometrical (Langmuir) description of the
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Edd ——2p, /R (3)

gives values of 28 and 10 meV for the first- and second-
neighbor distances, respectively.

C. Ordering transitions and phase diagram.

For the range of temperatures and pressures studied we
find no evidence for the formation of nearest-neighbor
pairs of Cl atoms on the surface. Adsorption stops when
nearest-neighbor sites are required, for an increase in cov-
erage. There is no sign of the disordering of the saturated
c(2X2) overlayer as the temperature is increased that
would occur if nearest-neighbor sites could be occupied.
Furthermore, the phase boundary appears to be roughly
independent of temperature. Thus the type of lattice-gas
model appropriate to Cl/Ag(100) is a hard-square model,
as described in the Introduction, at least for the tempera-
tures and pressures realized in this experiment. At higher
gas pressures adsorption might proceed past one-half
monolayer (but perhaps at the expense of the simple two-
dimensional lattice-gas picture of the surface —the strong
Cl-Cl repulsions might be comparable with the Cl-Ag in-
teractions).

A plot of the peak c(2X2) intensity as a function of
coverage is given in Fig. 6(a). For comparison Monte
Carlo data for the peak intensity of the pure hard-square
model on a 72X72 lattice are presented in Fig. 6(b). Re-

dissociative adsorption, if. we choose the ratio of the prob-
ability of desorption from the precursor state to the prob-
ability of adsorption from the precursor state to be
=2X10 . The fit, however, may be fortuitous. We see
little variation in the sticking coefficient with tempera-
ture, whereas a substantial variation is expected for pre-
cursor adsorption. ' ' Other possible explanations for the
coverage-independent sticking coefficient involve a
cooperative motion of incoming Clz molecules and ad-
sorbed Cl atoms. The C12 could be deflected toward va-
cant sites on the surface, or previously adsorbed Cl could
move out of the path of the incoming molecule.

Previous workers have investigated the adsorption ener-

gy for Cl/Ag(100). The derived isosteric heat of adsorp-
tion, q„ is found to be roughly independent of coverage
[as opposed to the strong coverage dependence of q, mea-
sured for H/Ni(111), ' for example]. This would occur if
the Cl coverage depended only on p/T, as in the pure
hard-square model, rather than on p and T separately.
The isobars of Tu and Blakely have the same form as
those for the hard-square model. They are distinctly dif-
ferent, for example, from isobars of models where
nearest-neighbor sites, are significantly occupied.

B. Surface dipole

The work-function shift is linear in the coverage to
saturation at e= —, as shown in Fig. 3. From the max-
imum value of 5/=1.65 eV, the perpendicular com-
ponent of the dipole moment, Iu,„can be calculated to be
0.74 D. ' This, in turn can be used to calculate the
dipole-dipole interaction energies Eqq at the first- and
second-neighbor distances of 2.89 and 4.09 A. The use
of 20

calling that the point of inflection of the curve in Fig. 6(a)
represents a maximum in the specific heat, ' we estimate
the critical coverage to be 0.393+0.008. The critical cov-
erage of Cl/Ag(100) at room temperature is thus slightly
greater than the critical coverage, =0.368, of the pure
hard-square model.

Above the critical coverage, the scaling theory of
second-order transitions predicts that the peak intensity I
should be governed by the exponent P,

I-(p p, )—as p~p (4)

By plotting ln(I/O ) versus ln(e —e, ) and choosing e,
to maximize the linearity of the resulting curve, we obtain
an estimate of e, and P/(1 —a). The best-fit log-log plot
is shown in Fig. 8. We estimate that e, =0.394+0.007
(this is the statistical uncertainty; it does not include un-
certainty in the ' coverage calibration), and
P/(1 —a) =0.12+0.03. The value of e, is consistent with
the coverage at the point of inflection of Fig. 6(a). We
performed the same analysis on our Monte Carlo data and
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FKJ. 8. Log-log plot of intensity versus the deviation from
e„used for determination of P/(1 —a). The solid line
represents a least-squares fit to the points.

I
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where p, is the value of the chemical potential at the criti-
cal point. This is true when the correlation length is
much smaller than the size of characteristic defect-free re-
gions on the surface and smaller than the LEED instru-
mental resolution. We have mimicked these two effects in
our finite-size Monte Carlo simulation. The coverage is
singularly related to p:

(8—e, )-(IM —IM, )'

So,

(e e )2P/(I —a)

That is, the critical exponent P has been "Fisher renormal-
ized. " As the critical variation of intensity described in
Eq. (6) will be superimposed on the nonsingular density
variation (I cc e ), we corrected our experimental intensity
values [as shown in Fig. 6(a)] by a factor of e2 to isolate
the critical variation,



4658 TAYLOR, WILLIAMS, PARK, BARTELT, AND EINSTEIN

obtained the estimates e, =0.372+0.006 and
P/(1 —a)=0.15+0.03. We note that most of the data
used in these analyses were comparatively far from the
critical point. If T=O is associated with 6= —,, then
(6—6, )/( —,

' —6, ) is analogous to the reduced tempera-
ture (T T,—)/T, of phase transitions induced by chang-
ing the temperature. The values of (6—6, )/( —,

' —6, )

used in the fit varied from 0.02 to 0.4 compared with the
reduced temperature range of 0.02 to 0.1 used in the study
of the disordering of p(2X2)O/Ni(111). ' The correla-
tion length was thus small. While this justifies ignoring
the effects of instrumental resolution and finite-size ef-
fects, there is no a priori reason to expect that the result-
ing effective exponents will be close to the actual ex-
ponents. That both the Monte Carlo data and experiment
give exponents close to the Ising value of P/(1 —a), —,', is
suggestive, however. For comparison P/(1 —a) is —,

' and
for the three- and four-state Potts models, respective-

ly 26

The full width at half maximum of our LEED profiles
is shown in Fig. 7. The critical narrowing characteristic
of a divergent correlation length is evident. Because we
were unable to remove the effect of the instrument on this
width, it was not possible to determine the critical ex-
ponents y and v.

D. Implications of the lattice-gas model

To evaluate the effect of finite further-than-nearest-
neighbor interactions on the hard-square phase diagram
we consider second-neighbor interactions, E2. The tricrit-
ical point, where an attractive E2 causes a low-
temperature coexistence region, is known exactly, as
Huse has observed, based on Baxter's partial solution of
the generalized hard-hexagon model. The tricritical
temperature is E2/kzln[(3 —W5)/4] =0.60

~
E2

~

/kg.
The fact that at 90 K no coexistence region is seen thus
places an approximate limit on E2, E2) —13 meV, in-
dependent of the coverage calibration. An exact solution
of a model in statistical mechanics thus has physical im-
plications! The phase diagram for the hard-square model
with finite E2, computed by the method described by
Kinzel and Schick, ' is shown in Fig. 9. By using this
phase diagram, a transition coverage of 0.394+0.007 at
300 K implies a repulsive E2 greater than 20 meV.
Kinzel and Schick show that a low-coverage 2)&1 phase
appears when the temperature is less than 0.30 E2/ktt.
That no low-coverage phase is observed at 90 K implies,
ioithin this next-nearest-neighbor model, that E2 is less
than 26 meV. If E2 were 20 meV, then 6, would vary
from 0.380 at 600 K to 0.396 at 90 K. As we have exam-
ined only the qualitative nature of the phase transition at
temperatures other than 300 K we cannot rule out this
type of variation in 6, for Cl/Ag(100).

V. CONCLUSION

Chlorine adsorbed on Ag(100) forms a square-lattice
gas. For the range of temperatures and pressures obtained

0,40—

ec
0,55—

0,30—

E2 ~kBT

FIG. 9. Critical coverage as a function of second-neighbor in-
teraction energy, calculated using the technique of Ref. 13.

in this experiment we found no evidence that nearest-
neighboring binding sites could be simultaneously occu-
pied; the saturation coverage appeared to be one-half
monolayer and the c(2X2) Cl overlayer did not disorder
when the temperature was raised to 650 K. This suggests,
for the purpose of this experiment, that the Cl nearest-
neighbor adatom-adatom interaction is an exclusion. The
appropriate lattice-gas model is then a hard-square model.
When the hard squares do not interact it is known that
the c(2X2) structure continuously orders at a coverage of
around 0.368 ML with Ising exponents. By making care-
ful measurements of the c(2X2) beam LEED intensities
as a function of Cl coverage (determined by Auger mea-
surements) we determined the critical coverage of c(2 X 2)
Cl on Ag(100) to be 0.394+0.007 ML at 300 K. This
difference can be explained by assuming that, the hard
squares, representing the Cl atoms, interact. We find that
assuming a next-nearest-neighbor repulsion of 20 meV can
account for all observed features of the phase diagram.
The measured value of P/(1 —a), 0.12+0.04, is consistent
with the Ising value —,'. By measuring the work-function
change of the Ag surface on Cl adsorption, we conclude
that the dipole-dipole contribution to the next-nearest-
neighbor interaction is approximately 10 meV. So, hard-
square lattice-gas models are not simply "artificial
'models' which have no counterpart in reality. "
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