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The adsorption of bromide on an Ag(001) electrode has been investigated usingin situ x-ray
scattering methods. With increasing potential, the bromide undergoes a second order phase tra
from a lattice gas to an orderedcs2 3 2d structure. The order parameter is consistent with t
2D Ising model predictionb ­ 1y8. A comparison of x-ray and electrochemical measureme
indicates significant lateral disorder at low coverages which decreases with increasing cov
[S0031-9007(97)03925-2]

PACS numbers: 64.60.Cn, 61.20.Qg
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One of the basic tenets in the theory of seco
order phase transitions is the notion of universali
the critical behavior is determined solely by symme
and dimensionality. For adsorbates on square substr
the “Ising” Hamiltonian isH ­ V

P
ij ninj 2 m

P
i ni ,

where V is a lateral interaction parameter,m is the
chemical potential, and the first sum is restricted to nea
neighbors [1]. This model gives rise to an order-disord
(OD) transition and is isomorphic to the Ising spinss ­
1y2d model in two dimensions. These two-dimension
(2D) models appear to describe the critical behavior
bulk layered magnetic materials [2]. Here we report t
results, for Br electroadsorbed on the Ag(001) surfa
versus the electrochemical potential, which support
Ising prediction. Previously, studies of adsorbates in
Ising universality class were carried out in vacuum
without direct control of the chemical potential—b
dosing the sample to achieve a fixed coverage. The re
of these studies, most notably chloride on Ag(001) [3] a
oxygen on W(112) [4], support the predictions of the Isi
model. An important aspect of the present study is t
the competing interactions with the coadsorbed water
not appear to alter the universal aspects of the transitio

For adsorbates on a surface the OD transition c
responds to the formation of a phase with long-ran
positional order from one with short-range order. If t
substrate corrugation potential is weak, the liquid corre
tion function is described as a conventional 2D liquid. O
the other hand, the presence of a strong corrugation po
tial leads to preferred sites, i.e., a lattice gas. Despite
emerging microscopic understanding of electrode surfa
[5,6], the nature of these disordered states have not b
directly confirmed. However, by modeling electrochem
cal data with simple Hamiltonians, interaction paramet
have been estimated assuming lattice gas disordered ph
[7,8]. Indeed, in this paper we directly show the existen
of a lattice gas phase for Br on Ag(001) at lower covera
su # 0.35d and an ordered phase at higher coverages.
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In a surface x-ray scattering measurement, t
structure of the adsorbate can be determined from
diffraction peak positions in reciprocal space and their c
responding intensities [9]. For a single crystal substra
in the absence of an adsorbate layer, the semi-infin
sum over the atomic layers gives rise to rods of scatter
(truncation rods) along the surface normal direction. F
Ag(001), these rods (extending alongL) are observed at
all integersH, Kd when the body-centered-tetragonal un
cell, a ­ b ­ 2.889 Å andc ­ 4.086 Å, is used. These
features are indicated in Fig. 1(b) and are observed
all potentials. In contrast, diffraction spots at half-ord
positions only emerge above a critical potentialsEcd. Four
independent spots ats1y2, 1y2d, s1y2, 3y2d, s1y2, 5y2d,
and s3y2, 3y2d, along with symmetry equivalents, ar
observed [see Fig. 1(b)]. This square diffraction patte
identical to the pattern observed for vapor deposited
on Ag(001) using low-energy electron diffraction [3
corresponds to a square bromide packing arrangem
cs2 3 2d, as shown in Fig. 1(a) (right). The neighborin
bromides are4.086 Å apart and u ­ 0.5. No other
diffraction features were observed at any potential.
particular, an incommensurate phase such as that obse
for Br on Au(001) [10] was never observed. The squa
packing arrangement of the adsorbed Br adlayer is v
different from the hexagonal packing formed on Ag(11
[11,12] and Au(111) [6], and the distorted-hexagon
pattern formed on Au(001) [10]. Electrodeposited chl
ride and iodide on Ag(001) exhibit the same diffractio
features, thus forming the identicalcs2 3 2d phase despite
their different respective diameters.

Within the orderedcs2 3 2d phase, the x-ray diffrac-
tion profiles are nearly resolution limited and potential i
dependent. In Fig. 1(c) radial profiles, carried out wi
a high resolution LiF analyzer, atE 2 Ec ­ 0.03 and
0.20 V are shown throughs1y2, 1y2, 0.12d. Although the
peak intensities differ by about a factor of 3, the pr
files are both well described by Gaussians with a wid
of 0.0037 Å21. These peaks are only slightly broade
© 1997 The American Physical Society 1511
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FIG. 1. (a) Real space sketch of the Ag(001) surface (op
circles). Bromide is shown adsorbed in a lattice gas configu
tion (left) and in the commensuratecs2 3 2d structure (right).
(b) In-plane diffraction pattern, where the squares corresp
to Bragg peaks, the circles to Bragg rods, and the diamo
to the bromide adlayer. (c) X-ray scattering profiles (circle
in the commensurate phase at 0.03 V (filled circles) and 0.2
(open circles) positive of the ordering transition. The solid lin
are fits to the profiles and the dashed lines are the resolu
function.

than the resolution width of0.0030 Å21 [13]. The ex-
cess width arises primarily from the intrinsic scattering li
shape and is about0.002 Å21 corresponding to a correla
tion length ofø2py0.002 Å21 ø 3000 Å. Over the en-
tire regionE . Ec, no profile broadening was observe
despite a more than tenfold change in the scattering
tensity. Similarly, the transverse correlation lengths a
potential independent and also resolution limited. The
sence of potential-dependent broadening tends to rule o
model with wandering domain walls between regions w
different sublattices. In addition, in the disordered pha
the expected weak critical scattering originating from flu
tuations of small ordered patches is obscured by the h
background intensity inherent in these measurements.

In Fig. 2 we show the cyclic voltammetry (CV) an
the potential-dependent x-ray scattering intensity
s1y2, 1y2, 0.12d and at s1, 0, 0.12d during both sweep
directions. Hysteresis, 20–30 mV, is attributed primar
to changes in the surface morphology. The broad w
peak in the CV at about21.1 V has been attributed
to the reorientation of surface water and the seco
sharper peak at abouts20.75 Vd to a phase transition in
the adsorbate layer [14]. On the basis of the potent
dependent scattering at the half-order positions a
no other identifiable features below this potential, w
identify the rapid increase in the intensity from zero
an OD transition between the two structures shown
Fig. 1(a). At potentials more positive than20.76 V the
scattering intensity (negative sweep) ats1y2, 1y2, 0.12d
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FIG. 2. Comparison of the electrochemical and x-ray sca
from the Ag(001) surface in 0.05 M NaBr with the pH adjuste
to 10 using NaOH. The cyclic voltammogram (10 mVysec)
shown in (a) was obtained using a separate cell. The diffrac
x-ray signals (1 mVysec) ats0.5, 0.5, 0.12d and s1, 0, 0.12d are
shown in (b) after subtracting the diffuse component. Bo
intensities were normalized by the same factor such that
intensity ats1, 0, 0.12d at 21.2 V was unity. Power-law fits to
the s0.5, 0.5, 0.12d signal are shown with exponents2b ­ 0.25
(solid line).

starts to rapidly increase from zero as demonstrated
the data shown as squares in Fig. 2(b). This result clea
identifies the sharp peak in the CV with the ordere
phase. Saturation occurs at about20.5 V , corresponding
to the potential where the current levels off in the CV.

The x-ray intensity at superlattice positions, such
s1y2, 1y2d, measures the order parameter squared [1] an
isomorphic to the staggered magnetization in the Ising s
problem. Thus, the intensity should behave assE 2 Ecd2b

for E . Ec with b ­ 1y8. This prediction, shown as
the solid line in Fig. 2(b), provides a good descriptio
of the critical behavior up to about 80% of the saturatio
value and clearly supports the Ising prediction forb. The
data and fit for the other sweep direction (not show
are similar, except for an offset of 25 mV, suggestin
morphological changes (analogous to shifts inTc). When
b is allowed to vary in the fits, its uncertainty is60.04.
Clearly, the mean-field prediction ofb ­ 1y2 does not
provide a reasonable description of the critical behavi
For Cl on Ag(001) in ultrahigh vacuum,b ­ 0.12 6 0.04;
however, in this study the chemical potential was n
directly measured but ascertained from the coverage.

In support of our thesis that the transition is “Ising-like,
similar behavior at the half-order and integer positio



VOLUME 79, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 25 AUGUST 1997

y
e

io

n
t
s
s

1
.
il

b

o

i

e
s
d
t

e

e
a

o

ld

c

e
ly

he
g

s

tent

e of

he

ges

at
ge
y
o
st

he

ed
al
ce
ar

ical
the

e-
s

ater
ge
ell
r-

ide
l

m,
ler
red

e,
is also found in chloride solutions [15]. The intensit
versus potential characteristics exhibit the same pow
law behavior. The measured intensity ratiosø4.5d for the
two halides ats1y2, 1y2, 0.12d follows the expectations of
their respective form factors. This supports our assert
that the potential-dependent diffraction features are n
correlated with a rearrangement of the silver atoms.

The power-law form used to describe the order param
ter is only asymptotically correct close to the transitio
and the saturation observed at high coverages is expec
While exact solutions to the zero-field Ising model exi
in 2D, the formalism cannot be applied here becau
of the presence of an applied field. In addition, th
effects of the coverage-dependent indirect interactions [
would modify the critical behavior far from the transition
Monte Carlo simulations, given the appropriate Ham
tonian, should provide a more exact limiting form.

The nature of the disordered phase is revealed
considering the potential-dependent scattering intensity
s1, 0, 0.12d which is sensitive to both the arrangement
the surface silver atoms and that of the adsorbate lay
As shown in Fig. 2(b), the onset of the slow decrease w
increasing potential at about21.0 V is correlated with
the broad peak in the CV. This, however, occurs aft
the initial increase in the current (e.g., adsorption). Clo
to the potential where long-range order in the bromi
monolayer is established, there is a slight increase in
magnitude of the slope in the intensity ats1, 0, 0.12d,
but no discontinuity. This, as we shall see, indicat
that the coverage changes continuously and supports
notion that the phase transition is close to being seco
order. At the most positive potentials, where the order
phase is well developed, the intensity has reached a r
which is 11% of its value in the absence of bromide. Th
smooth decrease in the scattering intensity ats1, 0, 0.12d
is consistent with a continuous increase in coverage fr
zero to1y2. Since the preferential adsorption onA-top
sites would give rise to an increase in the intensity, and
twofold sites would have no effect, we conclude that th
disordered phase is a lattice gas corresponding to rand
bromide adsorbed on fourfold hollow sites.

A measure of the coverage of Br atoms in fourfo
sites, ux, is obtained by examining the scattered x-ra
intensity from the Ag(001) surface. In the kinemati
approximation, the scattered intensity is given by

IsH, K , Ld ~

É
fAg

0X
n­2`

einC

1 uxfBre
2pisHx1Ky1Lzd

É2
, (1)

where the sum is over the semi-infinite silver layers,fAg
andfBr are the atomic form factors of silver and bromide
the phase difference between individual layersC ­
psH 1 K 1 Ld [17,18], and the reduced coordinat
sx, y, zd is the bromide adsorption site. Considering on
the odd rodssH 1 K ­ oddd, the sum in Eq. (1) reduces
to
r-
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S ­
eipLy2

2 cosspLy2d
, (2)

which gives rise to Bragg peaks for oddL and weak
scattering between the Bragg peaks. When limiting t
adsorption to fourfold sites this weak rod scatterin
decreases asu2

x , and the intensity ratio (normalized by it
value atux ­ 0) is given by

Rsux , Ld ­
IsLdux

IsLdux­0
­

Ç
1 2 uxR

e2piLz

S

Ç2
, (3)

whereR ­ 73% ø ZBryZAg is the calculated form factor
ratio for Br to Ag. Accordingly, we calculateRsux ­
0.5, L ­ 0.12d ­ 10.3%, in excellent agreement with the
measured ratio of 11% discussed above, thus consis
with the proposed fourfold adsorption model in thecs2 3

2d phase [19].
Measurements at differentL confirm the present struc-

tural model in the ordered phase and provide an estimat
the separations between the Ag-Br planesscz ­ 2.30 Åd.
This, spacing is close to the2.4 6 0.3 Å Br-Au layer spac-
ing measured at the Au(111) surface [20].

In Fig. 3(b) we show the coverage obtained from t
negative potential sweep scattering data ats1, 0, 0.12d
and Eq. (3), as open circles. As expected, the covera
range from zero at the most negative potentials to 1y2
at the highest potentials. Despite the OD transition
20.76 V , there is no associated discontinuous chan
at this potential. ue, measured using chronocolummetr
[filled circles in Fig. 3(b)] [21], also ranges from zer
to 1y2. Although there is good agreement at the mo
positive potentials,ux is clearly much less thanue at
intermediate potentials. As shown in the figure, at t
OD transition we findux ­ 0.25 and ue ­ 0.35. The
latter is close to the critical coverage of 0.368 obtain
from simulations [22,23] and comparable with the critic
coverage of 0.394 obtained for Cl on the Ag(001) surfa
in vacuum [3]. Thus, the critical coverages do not appe
to be greatly affected by the presence of water.

The discrepancy between the x-ray and electrochem
coverages forces us to question the assumption that
bromide atoms reside in fourfold hollow sites. We ther
fore relax this assumption by incorporating a lateral rm
displacement,s. Such displacements may result from
either unbalanced adsorbate-adsorbate or adsorbate-w
interactions, most significant in the intermediate covera
regime, or from a weak substrate-adsorbate potential w
relative to kBT . The unbalanced adsorbate-water inte
actions are a manifestation of the requirement to prov
optimal water density in the irregularly sized interstitia
regions between the bromides. In their simplest for
these interactions give rise to an effective Debye-Wal
term whose magnitude is simply related to the measu
coverage ratio,uxyue ­ e2sjqjsd2y2, whereq is the recip-
rocal space position. As shown in Fig. 3(a),s obtained
in this manner decreases from about0.9 Å to nearly zero
with increasing potential /coverage. To our knowledg
1513
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FIG. 3. (b) The coverage:ux determined from the analysis
of the s1, 0, 0.12d signal (open circles) andue determined from
electrochemical measurements (filled circles). (a) The deviat
between these two coverages is analyzed in terms of a lat
displacement amplitudes, which decreases with increasing
coverage.

the corresponding lateral disorder has not been ascerta
for adsorbates in vacuum.

Finally, for the Ising Hamiltonian the lateral interactio
energy can be estimated from the isotherm using
mean-field approximation. Following the work of va
der Eerden [24] with “blocked” near neighbors, th
isotherm [Fig. 3(b)] is well described using a repulsiv
interaction energy of110 meV between next-neares
neighbor (NNN) adsorbed bromide atoms [21,25].
this 110 meV effective interaction energy is attribute
solely to NNN bromide dipole-dipole interactions, the
the dipole moment equals 2.34 D. This is much clos
to the gas phase water dipole moment (1.82 D) than
halide values (0.6–0.75 D) found on noble metal surfac
in vacuum [3,26]. The discrepancy with the vacuu
value may result from the higher partial charge in th
electrochemical environment, the limitations of the mea
field approximation, and from the simplicity of the prese
model which does not incorporate water-bromide, a
water-water interactions.

In conclusion, our x-ray results show that Br form
a lattice gas on the Ag(001) electrode which transform
to an orderedcs2 3 2d state with increasing potential
The critical coverage and the order parameter expone
are in close agreement with the 2D Ising transitio
predictions, despite the presence of significant late
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disorder. We speculate that this disorder results from t
unbalanced adsorbate-adsorbate and coadsorbed wa
adsorbate interactions. It is hoped that this pictur
of the order-disorder transition will stimulate a bette
understanding of fundamental interactions at electro
surfaces.
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