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The adsorption of bromide on an Ag(001) electrode has been investigated insisigu x-ray
scattering methods. With increasing potential, the bromide undergoes a second order phase transition
from a lattice gas to an ordered2 X 2) structure. The order parameter is consistent with the
2D Ising model predictiong = 1/8. A comparison of x-ray and electrochemical measurements
indicates significant lateral disorder at low coverages which decreases with increasing coverage.
[S0031-9007(97)03925-2]
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One of the basic tenets in the theory of second In a surface x-ray scattering measurement, the
order phase transitions is the notion of universality;structure of the adsorbate can be determined from the
the critical behavior is determined solely by symmetrydiffraction peak positions in reciprocal space and their cor-
and dimensionality. For adsorbates on square substrategsponding intensities [9]. For a single crystal substrate,
the “Ising” Hamiltonian isH =V >;; njnj — u >, n;,  in the absence of an adsorbate layer, the semi-infinite
where V is a lateral interaction parametep, is the sum over the atomic layers gives rise to rods of scattering
chemical potential, and the first sum is restricted to nearegtruncation rods) along the surface normal direction. For
neighbors [1]. This model gives rise to an order-disorde/Ag(001), these rods (extending aloig are observed at
(OD) transition and is isomorphic to the Ising sgin=  all integer(H, K) when the body-centered-tetragonal unit
1/2) model in two dimensions. These two-dimensionalCell, a = b = 2.889 A andc = 4.086 A, is used. These
(2D) models appear to describe the critical behavior ofeatures are indicated in Fig. 1(b) and are observed at
bulk layered magnetic materials [2]. Here we report thedll potentials. In contrast, diffraction spots at half-order
results, for Br electroadsorbed on the Ag(001) surfacéositions only emerge above a critical potential). Four
versus the electrochemical potential, which support théhdependent spots &tl/2,1/2), (1/2,3/2), (1/2,5/2),
Ising prediction. Previously, studies of adsorbates in th@nd (3/2,3/2), along with symmetry equivalents, are
Ising universality class were carried out in vacuum—observed [see Fig. 1(b)]. This square diffraction pattern,
without direct control of the chemical potential—by identical to the_pattern observed for vapor dep_osned Cl
dosing the sample to achieve a fixed coverage. The resul®? Ag(001) using low-energy electron diffraction [3],
of these studies, most notably chloride on Ag(001) [3] andOITesponds to a square bromide packing arrangement,
oxygen on W(112) [4], support the predictions of the Ising¢(2 X 2), as shown in Fig. 1(a) (right). The neighboring

model. An important aspect of the present study is thaPromideS are4.086 A apart and¢ = 0.5. No other

the competing interactions with the coadsorbed water dglffractlon features were observed at any potential. In

not appear to alter the universal aspects of the transition.part'CUIar’ an incommensurate phase such as that observed

For adsorbates on a surface the OD transition cor]for Br on Au(001) [10] was never observed. The square

responds to the formation of a phase with Iong-rangé)aCkmg arrangement of the adsorbed Br adlayer is very

positional order from one with short-range order. If thedlffen:"nt from the hexagonal packing formed on Ag(111)

bstrat i tential i K the liquid I [11,12] and Au(11l) [6], and the distorted-hexagonal
substrate corrugation potential IS weax, e liquid corre aIoattern formed on Au(001) [10]. Electrodeposited chlo-
tion function is described as a conventional 2D liquid. On

the other hand, the presence of a strong corrugation potelﬁi:Ie and iodide on Ag(001) exhibit the same diffraction
. ' > i . i ) i i il X i
tial leads to preferred sites, i.e., a lattice gas. Despite th atures, thus forming the ident 2) phase despite

) | ) . fheir different respective diameters.
emerging microscopic understanding of electrode surfaces Within the orderedc(2 X 2) phase, the x-ray diffrac-

[5,6], the nature of these disordered states have not begjy, hrofiles are nearly resolution limited and potential in-
directly confirmed. However, by modeling electrochemi-genendent. In Fig. 1(c) radial profiles, carried out with
cal data with simple Hamiltonians, interaction parameters, high resolution LiF analyzer, af — E. = 0.03 and

have been estimated assuming lattice gas disordered phages) v are shown throughl /2, 1/2,0.12). Although the

[7,8]. Indeed, in this paper we directly show the existenceyeak intensities differ by about a factor of 3, the pro-
of a lattice gas phase for Br on Ag(001) at lower coveragesiles are both well described by Gaussians with a width
(f = 0.35) and an ordered phase at higher coverages. of 0.0037 A~'. These peaks are only slightly broader
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FIG. 1. (a) Real space sketch of the Ag(001) surface (open .
circles). Bromide is shown adsorbed in a lattice gas configura- ok
tion (left) and in the commensuratg2 X 2) structure (right).
(b) In-plane diffraction pattern, where the squares correspond -1.2 -1.0 -0.8 —0.6 -0.4
to Bragg peaks, the circles to Bragg rods, and the diamonds Eg/AgC] (volts)

to the bromide adlayer. (c) X-ray scattering profiles (circles)

in the commensurate phase at 0.03 V (filled circles) and 0.20 \FIG. 2. Comparison of the electrochemical and x-ray scans

(open circles) positive of the ordering transition. The solid linesfrom the Ag(001) surface in 0.05 M NaBr with the pH adjusted

are fits to the profiles and the dashed lines are the resolutioto 10 using NaOH. The cyclic voltammogram (10 peéc)

function. shown in (a) was obtained using a separate cell. The diffracted
x-ray signals (1 mYysec) at(0.5,0.5,0.12) and (1,0,0.12) are

. . shown in (b) after subtracting the diffuse component. Both
than the resolution width 06.0030 A~' [13]. The ex- jniensities (w)ere normalized b%/ the same factorpsuch that the

cess width arises primarily from the intrinsic scattering lineintensity at(1,0,0.12) at —1.2 V was unity. Power-law fits to
shape and is abott002 A~! corresponding to a correla- the(0.5,0.5,0.12) signal are shown with exponer?g = 0.25

tion length of=27/0.002 A~! = 3000 A. Over the en- (solid line).

tire regionE > E., no profile broadening was observed

despite a more than tenfold change in the scattering instarts to rapidly increase from zero as demonstrated by
tensity. Similarly, the transverse correlation lengths arghe data shown as squares in Fig. 2(b). This result clearly
potential independent and also resolution limited. The abidentifies the sharp peak in the CV with the ordered
sence of potential-dependent broadening tends to rule outghase. Saturation occurs at abet@.5 V, corresponding
model with wandering domain walls between regions withto the potential where the current levels off in the CV.
different sublattices. In addition, in the disordered phase, The x-ray intensity at superlattice positions, such as
the expected weak critical scattering originating from fluc-(1/2, 1/2), measures the order parameter squared [1] and is
tuations of small ordered patches is obscured by the higlsomorphic to the staggered magnetization in the Ising spin
background intensity inherent in these measurements. problem. Thus, the intensity should behavéms- E.)*?

In Fig. 2 we show the cyclic voltammetry (CV) and for E > E. with 8 = 1/8. This prediction, shown as
the potential-dependent x-ray scattering intensity athe solid line in Fig. 2(b), provides a good description
(1/2,1/2,0.12) and at (1,0,0.12) during both sweep of the critical behavior up to about 80% of the saturation
directions. Hysteresis, 20—30 mV, is attributed primarilyvalue and clearly supports the Ising prediction gar The
to changes in the surface morphology. The broad wealata and fit for the other sweep direction (not shown)
peak in the CV at about-1.1 V has been attributed are similar, except for an offset of 25 mV, suggesting
to the reorientation of surface water and the secondnorphological changes (analogous to shift§ij. When
sharper peak at abo(t-0.75 V) to a phase transition in 3 is allowed to vary in the fits, its uncertainty 1s0.04.
the adsorbate layer [14]. On the basis of the potentialClearly, the mean-field prediction g8 = 1/2 does not
dependent scattering at the half-order positions angrovide a reasonable description of the critical behavior.
no other identifiable features below this potential, weFor Clon Ag(001) in ultrahigh vacuung, = 0.12 = 0.04;
identify the rapid increase in the intensity from zero ashowever, in this study the chemical potential was not
an OD transition between the two structures shown irdirectly measured but ascertained from the coverage.

Fig. 1(a). At potentials more positive than0.76 V the In support of our thesis that the transition is “Ising-like,”
scattering intensity (negative sweep) @y2,1/2,0.12)  similar behavior at the half-order and integer positions

1512



VOLUME 79, NUMBER 8 PHYSICAL REVIEW LETTERS 25 AGUST 1997

is also found in chloride solutions [15]. The intensity g _ eimL/2 2

versus potential characteristics exhibit the same power- o 2codwL/2)’ (2)
law behavior. The measured intensity ratied.5) for the

two halides at1/2,1/2,0.12) follows the expectations o
their respective form factors. This supports our assertio
that the potential-dependent diffraction features are no
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 transition, I(L)y e2milz |2
and the saturation observed at high coverages is expected. R(0x,L) = I(T =| 1= 0R—— 1, 3
While exact solutions to the zero-field Ising model exist 670
in 2D, the formalism cannot be applied here becausavhereR = 73% =~ Zg,/Zx, is the calculated form factor
of the presence of an applied field. In addition, theratio for Br to Ag. Accordingly, we calculat® (6, =
effects of the coverage-dependent indirect interactions [18).5, L = 0.12) = 10.3%, in excellent agreement with the
would modify the critical behavior far from the transition. measured ratio of 11% discussed above, thus consistent
Monte Carlo simulations, given the appropriate Hamil-with the proposed fourfold adsorption model in #@ X
tonian, should provide a more exact limiting form. 2) phase [19].

The nature of the disordered phase is revealed by Measurements at differett confirm the present struc-
considering the potential-dependent scattering intensity datiral model in the ordered phase and provide an estimate of
(1,0,0.12) which is sensitive to both the arrangement ofthe separations between the Ag-Br plafes = 2.30 A).
the surface silver atoms and that of the adsorbate layeThis, spacing is close to tie4 + 0.3 A Br-Au layer spac-

As shown in Fig. 2(b), the onset of the slow decrease withing measured at the Au(111) surface [20].

increasing potential at about1.0 V is correlated with In Fig. 3(b) we show the coverage obtained from the
the broad peak in the CV. This, however, occurs aftenegative potential sweep scattering data(ht0,0.12)

the initial increase in the current (e.g., adsorption). Closand Eq. (3), as open circles. As expected, the coverages
to the potential where long-range order in the bromideange from zero at the most negative potentials f@ 1
monolayer is established, there is a slight increase in that the highest potentials. Despite the OD transition at
magnitude of the slope in the intensity @t ,0,0.12), —0.76 V, there is no associated discontinuous change
but no discontinuity. This, as we shall see, indicatesat this potential. 8., measured using chronocolummetry
that the coverage changes continuously and supports thfdled circles in Fig. 3(b)] [21], also ranges from zero
notion that the phase transition is close to being secontb 1/2. Although there is good agreement at the most
order. At the most positive potentials, where the orderegbositive potentialsg, is clearly much less tham, at
phase is well developed, the intensity has reached a ratiotermediate potentials. As shown in the figure, at the
which is 11% of its value in the absence of bromide. TheOD transition we findd, = 0.25 and 6, = 0.35. The
smooth decrease in the scattering intensity1a6,0.12)  latter is close to the critical coverage of 0.368 obtained
is consistent with a continuous increase in coverage frorfrom simulations [22,23] and comparable with the critical
zero to1/2. Since the preferential adsorption @ntop  coverage of 0.394 obtained for Cl on the Ag(001) surface
sites would give rise to an increase in the intensity, and inn vacuum [3]. Thus, the critical coverages do not appear
twofold sites would have no effect, we conclude that theto be greatly affected by the presence of water.

disordered phase is a lattice gas corresponding to random The discrepancy between the x-ray and electrochemical
bromide adsorbed on fourfold hollow sites. coverages forces us to question the assumption that the

A measure of the coverage of Br atoms in fourfold bromide atoms reside in fourfold hollow sites. We there-
sites, 6., is obtained by examining the scattered x-rayfore relax this assumption by incorporating a lateral rms
intensity from the Ag(001) surface. In the kinematic displacement,o. Such displacements may result from

¢ which gives rise to Bragg peaks for odd and weak
gcattering between the Bragg peaks. When limiting the
dsorption to fourfold sites this weak rod scattering
ecreases a&’, and the intensity ratio (normalized by its
evalue atd, = 0) is given by

approximation, the scattered intensity is given by either unbalanced adsorbate-adsorbate or adsorbate-water
0 i interactions, most significant in the intermediate coverage
I(H,K,L) % |fag D e regime, or from a weak substrate-adsorbate potential well
e 2 relative to kgT. The unbalanced adsorbate-water inter-

+ 0, fpreXmiHy Ky HLa) | (1) actions are a manifestation of the requirement to provide
optimal water density in the irregularly sized interstitial
where the sum is over the semi-infinite silver laygfg,  regions between the bromides. In their simplest form,
andfg, are the atomic form factors of silver and bromide, these interactions give rise to an effective Debye-Waller
the phase difference between individual layebs=  term whose magnitude is simPIy related to the measured
m(H + K + L) [17,18], and the reduced coordinate coverage ratiod, /6, = e 14197/2 whereq is the recip-
(x,y,z) is the bromide adsorption site. Considering onlyrocal space position. As shown in Fig. 3(a),obtained
the odd rod§H + K = odd), the sum in Eq. (1) reduces in this manner decreases from abou A to nearly zero

to with increasing potential/coverage. To our knowledge,
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1.0F° 4 ' ' - ™ disorder. We speculate that this disorder results from the
08F (@) oo, A ] unbalanced adsorbate-adsorbate and coadsorbed water-
=06k %OOOO : ] adsorbate interactions. It is hoped that this picture
~ %%, : of the order-disorder transition will stimulate a better
o 04T ‘?oo i understanding of fundamental interactions at electrode
0.2 - %, 1 surfaces.
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