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Abstract

Using in-situ surface x-ray scattering, we have investigatcel thc atomic structure, the I C 4
qtability, and the dependence of the strticturc on electrode potential For electrochemnically
depositcd TI monolayers and bilayers on AgQl 10). The layers were formed by undcrpo.
tential deposition (UPD) at electrode potentials positive of thc rcvcrziblc potential for
bulk TI deposition. At potentials between -475 and .680) mV (vs. AgtIAgCI). the Ti (IC-
posit forms an incommensurate, hexagonal two dlimensional (21)) monolayer that is
compressed relative to bulk I by 1.4-3.0%, and rotated fi'om1 tile iAg &I-OI I (lirection by
Q =45* The structure of the moniolayer does not change over at lcast 24 hours (the
longest we waited). From diffraction scans of thc TIl Br'aggt rods. we find that the in-
plane and vertical root- mean-sq tiare displacement a iputtildes are 0. 36+0.05;\ andl
0.46+0.lA, rcspectivcly. 'he cmoniolayer struicture is thie samie athat of vapor dcpositcd
Tl/Ag( Ill), and this shows that the interaction between thle qolvent molecules and the
TI adatornis does not influence the mionolayer structure. Since the moniolayer has a
structure that is about the samec as the closest packed plane" of' bulk TIl. we deduce that
the adatom-adatomi interactions are the most important structure determining Florces.
T[he compression of the monolayer (compared to bulk '11I) is explained in ternis of effec-
tive medium theory. With (decreasing electrode potential. thle in-planec spacing between
TI adatoms decreases andl this permits a calculation of' the 21) compressibility. 'This de-
creases with atomic spacing but has an average- value &k2. -- 1.54±0. 10A2/V, wich is
similar to pr~viously measured compressibilities off 1'PI) mionolayer andl is in reasonable
agreement with theoretical estimates. The rotation angle Q2 depends on electrode po-
tential andI adatom spacing. but irreversibly (lecreases with potential cycling (which is
possibly due to the adsorption of trace impurities). D~espite this irreversibility, the de-



pendencc of Q on adatom spacing qualitatively agree xwith theory. We have invcsti-
gated the structure of monolaycrs where the deposition potential is reached in either an
anodic or cathodic scan and ibund these structures to beidentical. This shows that, the
monolayer is in thermodynamic equilibrium and that the finite width and oftset of the
peaks in the deposition curves arc dub to kinetics, the influence of adsorbed anions, and
/or substrate heterogeneity. At potentials between thc imonolaver region and bulk de-
position, TI forms a bilayer and this also has ai 'hexagonal structure that is
inconimensur-aTc with the Ag( Ill) substrate. In the bilaver. the compression is ,.0%
(compared to bulk TI) and the rotation from the Ag &rOl I direction is 3.9; these are
both less than in the monolayer.
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1. Introducti k

Underpotential deposition (UPD) is the electrichemical adsorption of one or more T.!tal

layers onto -a-foreign metal substrate at electrodd potentials positive of the reversible

potential for bulk deposition. The phenomenon of UPD has been intensely investigated

over the last 25 years using polycrystalline substrates," 2 but in recent years, there has

been an emphasis on single crystal substrates. The chemical and electronic properties

of UPD layers on such electrodes have been explored with a variety of in-situ and ex-situ

techniques. Because the use of an ex-situ technique necessitates emersion of the

electrode, which may modify the properties of the adsorbed layer, an in-situ experimental

probe is desirable. In-situ studies of the electronic and chemical properties have been

successfully conducted, but direct determination of the atomic structure has proven elu-
o

sive. This is largely because standard surface-structural techniques (low-energy electron :

diffraction (LEED), reflection high-energy electron dilfraction (RI IET1)), ion scattering,

etc.) rely on probes that cannot penetrate the liquid layer above an electrode. In con-

trast, surface x-ray scattering3, 4 and absorption spectroscopy 5, 6 are ideally suited for

studies of such buried interfaces and substantial progress has been made recently in de-

termining, in-situ, the atomic structure of solid-liquid interfaces, in general, and UPI)

layers; in particular. 3 17

In this paper we describe our results for 1 1P) Ti on Ag( I I I). This system has been

previously investigated by electrochemical 1 '23 and in-situ optical23 26 methods, and

based on these experiments, surface structures have been proposed. f lowcver, since

these measurements only indirectly probe structure, a definitive determination has not

yet been made. Fleischman and Mao 27 performed an in-situ x-ray experiment of UPI)

TI using roughened Ag electrodes (to enhance the signal), I lowever. it is not clear that

their proposed surf'ace structure for "TI!Ag( Ill) can 1.iequately explain their data. (This

is dcscrib a in Sec. VII).



'2

We have considered TI/Ag(I 11) as a prototypical JP) system and have done ex-

tensive measurements on this system. Herein, we describe our results for The two-

dimensional (2D) atomic structure and the thermodynamic stability of the UPD layers;

we also describe the dependence of the UPI) monolayer structure on electrode pdt:ntia!

and report a preliminary structure for the bilayer (which forms at potentials just positive

of bulk deposition). The results of these experiments provide insight into the structure-

determining forces for UPD layers deposited on smooth substrates and provide a basis

for understanding the optical properties of these layers. 23, 24, 26

The remainder of this paper is organized as follows. In Section 11, we outline the

experimental details, and in Section I1, we describe the UPD of Tl on Ag(I 11). Section

IV gives a description of the TI monolayer including (a) our x-ray scattering results, (b)

the atomic structure of the layer, (c) the important interactions that determine this

structure, and (d) an explanation of the large compression of tile monolayer. Section V

addresses the stability of the monolayer and presents data for the structure of

monolayers where the deposition potential is reached in either an anodic or cathodic

scan. Section VI describes the dependence of the monolayer structure on electrode po-

tential, particularly the near neighbor spacing (i.e., the compressibility) and the rotation

angle. The TI bilayer structure is briefly described in Section Vii and tile final section

contains a summary and conclusions.

II. Experimental Aspects

All our experiments were pcrformcd in-situ (in electrolyte), under potential control, and

at room temperature. The electrochemical cell is essentially the same as that used in our

previous investigations and has been described elsewhere in detail. 7' 8 The only signif-

icant difference is the addition of a cylindrical Kapton cap that surrounds the electrode

and the polypropylene film that confines the electrolyte. We flow N2 or Ar gas through

this cap to prevent oxidation of the monolayer that would be caused by diffusion of at-

mospheric 02 through tile polypropylene film. With this arrangement, no changes in the
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diffraction pattern from the monolayerwere observed- over a -period of about 24 hours,

-which, was our longest observation time. The TI layers were deposited with the cell "in-

flated" so a relatively thick (-Imm) layer of electrolyte covered the Ag(l1 I) electrode.

The electrolyte was then partially withdrawn and the surface diffraction data were

measured through the thin ( 30jtm) layer of electrolyte that remained on the electrode.

When the cell is "deflated", there is only a small electrolyte volume (-,12jd) in contact

with the electrode and the diffusion length to the substrate is long. Thus, it is likely that

only a small amount of impurities adsorb onto the electrode with the cell deflated.

The electrolyte was 0.1M Na 2SO4 containing 2.5mM 'fluSO4 and was prepared

from Aldrich ultrapure reagents and "nanopure" (Barnstcad), deionized water. All po-

tentials were measured relative to the Ag/AgCI (3M KCI) reference electrode in the

diffraction cell. The Nernst potential for bulk TI deposition was -71OmV. The electrode o

substrates were epitaxially grown Ag thin films that are vapor deposited onto freshly

cleaved mica.7 , 8 These films grow with the (I 1l) direction perpendicular to the substrate

surface and the epitaxy of the films is excellent, with an in-plane mosaic spread of

c0.2-0.3'. From the radial width of the surface peaks, the surface domain size is calcu-

lated to be ,,,400A.

X-ray data were obtained at the National Synchrotron Light Source (NSIS) beam

line X20A. 28 Most data were collected in a grazing incidence geometry (-0.8 ° incidence

angle), although for the out-of-plane measurements, this condition was relaxed. An in-

cident x-ray energy of 9997 eV (1.240A) was selected using a Si(il 1) double crystal

monochrornator. Approximately 4 milliradians (mrad) of x-ray radiation were collected

from a bending magnet and focused onto the sample with a torodial mirror. This

produced a spot at the sample with vertical and horizontal full-widths at half-maximum

(FWHM) of 0.78mm and 1.72mm. respectively. The incident beam intenisity Nv4,s moni-

tored by a Nal scintillation detector viewing a Kapton (oil, and the incident flux was

approximately 2xl0"/scc. The difflracted beam was analyzed with l mrad Solle ,iits and

the intensity was measured with a Nal scintillation dctector. The acceptance of the
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diffracted beam out of the scattering plane was defined by slits and was 24 miad. Since

the diffraction from monolayers is extended in a direction perpendicular to the layer, the

use of a grazing incidence geometry results in a good match between the monolayer

diffraction and the out-of-plane acceptance. This is the principal advantage of the

grazing incidence geometry. The sample was mounted on a H Tuber four-circle

diffractometer and all data were obtained in the symmetric (co = 0) mode.29

It is important to note that in contrast to many electrochemical experiments (where

the data collection is rather quick), these surface x-ray scattering rgeasurements are time

consuming. To obtain a typical d;.ta set at a given potential, required at least two hours,

although during experiments to test the stability of the UPD layer, the data-collection

time was as long as 24 hours.

III. Underpotential Deposition of TI/Ag(l 11)

Before discussing our x-ray measurements, we first describe the U.PD of Ti on Ag(fl I).

UPD layers are often deposited by linearly ramping the electrode potential in a negativc

(or cathodic) direction From an initial potential that is positive enough that no metal is

adsorbed. Figure 1 shows the current flowing to the Ag electrode during su'h a linear

potential ramp (a cyclic voltammogram or CV) for TI on.Ag(l 11). 1, 19 f' the adsorbing

ion is completely discharged (as for 'l/Ag(l 11)18) and kinetic effects are absent, the

current flowls proportional to the derivative of the adsorption isotherm.3M (See the inset

in Fig. 1). When the potential reaches -700rnV (just positive of the Nernst potential for

deposition of bulk TI), the direction or the potential ramp is reversed (anodic scan) and

the TI layers are stripped' (or desorbed) from the Ag surface.

The predominant features in Fig. I are two sets of large, sharp peaks. The first set

occurs at approximately -470mV (240mV positive of" the Nernst potential). The peak

with negative current results from deposition oFTI, while the positive-current peak is due

to stripping. Since the charge associated with deposition (see inset in Fig. I) is close to
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that expected for a- closeopacked monolayer of TI, this negative-current peak has previ-

ously been attributed to the deposition of amonolayerof Ti.18 , 23, 30 Correspondingly,

the second negative-current peak in Fig. U is attributed to the deposition of a second

layer of TI on top of the first, forming a bilayer. In the potential range -540mV to

-680mV,.the TI monolayer has been reported to be stable for at least one hour.18 Our

results support this and show that in the potential region between -680mV and -500mV,

the TI monolayer is stable for at least 24 hours (the longest we waited).

IV. Monolayer Structure of TI/Ag(I 11)

A. Surface X-ray Scattering Results

We will now discuss our in-situ x-ray scattering data for the Ti monolayer. Figure 2

shows the in-plane diffraction pattern for the monolayer determined from our data (such

as shown in Fig. 3). In this diffraction pattern, the normal to the substrate is perpen-

dicula rto the plane of the paper. The diffraction pattern results from two domains of

TI, which are oriented symmetrically with respect to the Ag (211) direction. Both do-

mains were observed with equal intensity and one of the domains is marked with arrows

in Fig. 2. The diffraction pattern is similar to the I.IiF.) pattern that would be observed

for TI/Ag(ll ), if it were possible to obtain LE)ED data in an electrolyte.

Figure 3 shows radial and azimuthal diffraction scans of the (10) Bragg rod from

the TI monofayer at -550mV. In an azimuthal (or rocking) scan, the diffracted intensity

is measured along an arc at a constant Fcattering vector. Q = (4r/1) sin 0, while in a ra-

dial scan, the intensity is mcasured along a radius at constant sample orientation, (h. In

the radial scan, the intensity is plotted against Qt, the cc mponent of the scattering vector

parallel to the surface. These data show good signal to background, with peak count

rates of about 10,000 counts per second (cps) over a background or 2500 cps. The

background is mostly due to scattering from the electrolyte. The azimuthal scan shows

peaks at 4) = ± 4.60 from the two rotational domains of the TIi monolayer. The

diffraction from the two domains is the same (i.e., symmetric about 4 = 0), but each peak
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is asymmetric and has a long tail that extents toward o = 0. This is caused-by an asym-

metric distribution of domains where some domains have a significantly smaller rotation

angle than the average.

Scans along the TI Bragg rods provide information about the atomic correlations

perpendicular to the surface and are shown in Fig. 4 for the (10) and (11) Bragg rods.

In these rod scans, the diffracted intensity is measured with Q, held constant, while the

component of the scattering vector perpendicular to the substrate surface (Q,) is varied.

In Fig. 2, this corresponds to measuring the intensity along a direction perpendicular to

the plane of the paper. The data were obtained by measuring the peak intensity and

subtracing the background (which was obtained at azimuthal angles +1.20 from the

peak). Since azimuthal scans at different Q, showed that the azimuthal width did not

depend on Q,, the peak intensity was used in the analysis of the rod scans (rather than :

the azimuthally integrated intensities). The data in Fig. 4 have been corrected for sample

area, Lorentz factor (essentially unity for our case of measuring the peak intensities 31),

the TI atomic form factor,32 and the resolution function.

The sample area and resolution function corrections are described in detail else-

where. 31 Briefly, the sample area correcti, n compensates for the variable illumination

of the sample with incidence angle and was made using the measured beam shape.3 1 The

resolution function correction accounts for the overlap between the surface scattering

and the highly anisotropic resolution volume associated with our scattering

geometry.33, 34 The anisotropic resolution volume tilts as a scan is made along the

Bragg rod, resulting in a decreasing overlap with increasing Q,. To correct the exper-

imental data for this, we have used the approach described in Ref. 31; this requires a

knowledge of the in-plane (Qc-O)TI peak shapes and the width of the resolution volume

out of the scattering plane. 'his width was determined to be 0.12A-, 3 1 and the in-plane

peak shapes were fit to lorentzian-squared functions with widths b= 0.0173A ' (for the

1'1(10) rod) and b=0.0211A-' (for the (11) rod). 35



The.rod scans, in Fig. 4 vary only slowly with Q,. This behavior is prcciscly that

expected for th'e Bragg rod intensity from a 2D monolaycr, whc'e the intensity decreases

slowly with increasing Q,, due th' atomic form factor and the Debye-Waller factor. The

intensity also decreases at small Q,, because or x-ray absorption by the electrolyte. The

solid lines in Fig. 4 are best fits to the data (X2 = 1.35) with Five adjustable parameters:

Debye-Waller factors parallel and perpendicular to the surflace, an overall scale factor,

and thicknesses of the electrolyte layer for the (10) and (11) rods. The best fit yields an

in-plane root-mean-square (rms) displacement amplitude of , = 0.36 + 0.05,, and a

vertical rms displacement amplitude ofra, = 0.46 ± 0.1 A. In addition to dynamic disor-

der (vibrations), a, and a, will include static contributions from vertical buckling and

horizontal displacements, respectively, in the incommensurate monolayer; these are

caused by the modulation induced by the substrate (see Sec. IV.B). To the fit the data

in Fig. 4, we have used different solution thicknesses For the (10) and (1I) Bragg rods.

This is because the clips retaining the substrate result in a nonuniform thickness of the

electrolyte layer above the electrode and the (10) and (I I) Bragg rods are observed at

different azimuthal orientations oF the sample cell and hence different positions of the

clips with respect to the incident and scattered x-rays. The use of one uniform thickness

worsens the fit somewhat (X2 increases to 1.7), but does not affect the values given above

for the Debye-Waller factors.

B. Structure of the Monolayer

The diffraction pattern (Fig. 2) together with out-of-plane scans of the Bragg rods show

that the TI layer is a 2D incommensurate, hexagonal mololayer in which the adatoms

are closely pa,. od together. This structure is almost the same as that of the close

packed, (00.1) planes of bulk T1, but the monolayer is compressed compared to the bulk

metal. The monolayer domains are rotated about 4-5' from the Ag [0IT] direction and

Figure 5 shows two schematic representations of the real space structure of one domain

ofT! on Ag(ll). The open circles represent atoms oF the Ag(l I) surlace and have a

diameter proportional to their nearest-neighbor spacing (2.8MA). The shaded circles
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represent the TI adatoms and have a diameter proportional to their average nearest-

neighbor spacing a,=3.36 A. Figure 5(a) shows the average structurc of the TI

monolayer; it ignores the subtle local modulation in near-neighbor positions that results

because the adatoms tend to move toward the lowest energy sites on the substrate. 12

We have previously determined this substrate induced spatial modulation in the TI

monolayer by measuring the intensity changes along the Ag truncation rods when the

monolayer is deposited, and we find that it has an amplitude of 0.03A. 12 The structure

of the modulated monolayer is shown in Fig. 5(b). The spatial modulation appears as

local density increases and decreases and these are apparent in Fig. 5(b) as 'overlapping'

adatoms and 'empty spaces' between adatoms, respectively. These density changes in-

crease the monolayer elastic energy, but this increase is more than compensated for by

the decrease in the adsorbate-substrate interaction energy due to the modulation.

The FWHM of the radial scan shown in Fig. 3 is 0.0185 A-'. 36 This indicates that

the domain size of the Ti monolayer is about 250A, which is comparable to that ob-

served in our previous measurements of Pb/Ag(1 1).v' 8 In this estimate of'domain size,

we have assumed that the peak broadening beyond the resolution is only caused by finite

domain size. This is reasonable, since the Ti(l I) peaks are only slightly broader than the

TI(10) peaks (by about 20%, see Sec. IV.A), and so the inhomogeneous strain is small

(Aa,a., -0.3%). In addition, the domain size is estimated as 8/,/3" over the peak width

(FWIM), since the monolayer peaks have an approximately Lorentzian-squarcd shape.

However, the! TI peak widths are observed to increase each time the potential is cycled

and the cell is inflated. On a Tresh' Ag(l 11) substrate, the peak width is about 0.015

A-I (a domain size of-=310A), but as the monolayer is stripped and redeposited (inflat-

ing the electrochemical cell for each cycle), the monolayer peak width increases (over

about nine hours) to approximately 0.025A -I (a domain size of =- 185A), and then re-

mains approximately constant. Similarly, the mosaic spread of the monolayer

irreversibly., increases when the cell is inflated and the potential is cycled; it starts at

about 0.4* and increases to 0.8-0.9'. This shows that the crystalline quality of the Ti

monolayer slowly degrades each time the cell is inflated. If the cell is not inflated, the
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radial width and the mosaic spread of the monolayer do not increase. In addition, even

when the cell is inflated dind the potential is cycled, we do not observe a significant in-

crease in the radial width and mosaic spread of the surface diffraction from the Ag

substrate (Ag truncation.rods); over 30 hours, these both increase by <10%.

The monolayer rotation angle 2 also irreversibly decreases with potential cycling

in a manner analogous to the increase in the monolayer peak widths. When the

monolayer is stripped and redeposited with the cell inflated, 2 decreases. But if the cell

is kept deflated, 0 (and the domain size and mosaic) remain constant. We also observe

a dependence of 2 on electrode potential. This and the potential dependence of the

near-neighbor spacing are described in Sec. VI. We emphasize that the near-neighbor

spacing does not show any time dependence.

It seems likely that the same cause accounts for both the loss in crystallite quality

of the monolayer and the irreversible decrease ofr2 with potential cycling. We speculate

that this is due to the adsorption of trace amounts of impurities (probably organics)

when the electrochemical cell is inflated and the potential cycled. This hypothesis is

consistent with our observation that tile peak widths of the Ag surface diffraction do not

change when the cel! is inflated and with the observation (for Kr/Pt(I 11) in UIIV) that

small quantities of adsorbed impurities signilicantly influcnce the rotation angle. 37 In a

previous study of Pb/Ag( 111), we did not observe a dependence of the rotation angle

on near-neighbor spacing,9' 1 1 in contrast to the dependence we observe here (see Sec.

VI.B). It seems likely that this lack of dependence also resulted from impurity

adsorption.

C. Structure-Determining hiteractions

The diffraction pattern and 21) structure for the MPI) monolayer of Tl/Ag(l 11) (Figs. 2

and 5) are essentially identical to those of vapor dcpositcd TI on Ag(l 11) near full cov-

erage;38 however, the compression of the monolayer in the UIIV experiments
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(1.2±0.6%) is slightly less than for UPD TI (1.4-3.0%, see Sec. VII.A) and the rotation

angle (Q=4.9+0.2 0) is slightly larger. This structural similarity is consistent with pre-

vious, work where we have observed that the 2D structure of UPD, and vapor deposited

monolayers oLPb on Ag(l 11) and Au(l 11) are identical near full coverage. 3. 7, 8 In

addition, it appears that vapor deposited Bi/Ag( lll) has the same uniaxial

commensurate, rectangular structure as UPD Bi/Ag(1 11), although this is more tenta-

tive, since it is based on an analogy with Bi/Au(l 11). 13

It is remarkable that the atomic structure of these metal layers is essentially

equivalent in these two very different environments. This shows that for the UPD of

these heavy metals (TI, Pb, Bi) on these smooth (I11) surfaces (Ag and Au), the inter-

action between the solvent molecules and the adatoms does not influence the monolayer

structure. Likewise, the structure is not significantly affected by interactions between the

adatoms and any anions adsorbed on the UPD monolayer. It is important to determine

if these conclusions can be generalized to other UPD systems and these experiments are

in progress.

Since we found that the structure of the UPD layer is not influenced by the solvent

molecules, we will now consider the atomic interactions that are important in determin-

ing the structure of UPD (and vapor deposited) 'Il/Ag(l I). The strongest interaction

is that between the TI adatoms and the substrate, since this bond strength is approxi-

mately equal to the T1-T! bond strength plus the U1I'I) shift. Because this interaction is

so strong, the TI deposit forms a monolayer rather than bulk clusters; however, this

interaction does not determine the structure within the monolayer. The primary force

that determines this structure is the adatom-adatom interaction and this is deduced be-

cause the monolayer adopts a structure that is almost the same as that found in the

closest packed planes of bulk TI and because the system is strongly incommensurate.

Although the adatom-substrate interaction is strong, the corrugation or spatial variation

in the adatom-substrate interaction is rather weak. It influences the structure only

weakly by creating the local spatial modulation shown in Fig. 5(b) and discussed in Ref.
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12. We have reached similar conclusions for UPD TI on Au(H 11), Pb on AU(I I1) and

Ag(l I1), and Bi on Ag( 11). 39 To determine if these conclusions generalize to other

UPD systems, it is important to investigate the structure-of UPD layers on crystal faces

other than (i 1); these experiments are in progress.

Vapor deposited TI/Ag(I 11) certainly consists of metallic TI atoms. From this and

the fact that the structure of UPD TI is essentially identical to the vapor deposited layer,

we conclude that the UPD monolayer is made up of zero valent TI atoms. This con-

clusion is consistent with previous voltammeteric evidence. 18 It is also supported by the

reasonable agreement between the measured compressibility and that calculated for a

2D free electron gas model of a metallic monolayer (see Sec. VT.A). Since the adsorbed

layer is metallic, the substrate-adsorbate bond is likely covalent, consistent with previous

suggestions.4 42

D. Compression of the Monolayer

A dramatic feature of the TI monolayer is its large compression compared to bulk TI.

As described in Sec. VI.A, this depends on potential, but even at the most positive po-

tentials, the TI-TI near neighbor spacing is compressed by more than 1.4%, and close to

the Nernst potential, the compression becomes 3.0%. Note that a similar compression

in bulk TI (3% change in near-neighbor spacing) would require a pressure of about

50,000 atmospheres. The UPD monolayers of Pb/Ag(lIl)9 and Pb and TI on

Au(lI ll)39 are also found have similar compressions. These can all be understood within

the framework of effective medium theory. 43-46 In this theory the environment of an

atom is modeled as a homogeneous electron gas and the binding energy of the atom in

this environment (e.g., in a solid or at a surface) is related to the embedding energy of

the atom in this homogeneous electron gas. The density of the electron gas is called the

embedding.density and is an average of the electron density from the neighboring atoms

in the system. Consequently, the embedding density is a monotonically decreasing

function of atomic spacing.
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First consider a simple bulk solid. The binding energy of an atom in this environ-

ment is the embedding energy plus an electrostatic term that accounts for the attraction

between the 'embedded' atom and the electron density tails from neighboring atoms.

Both the embedding and electrostatic energies are lunctions of the embedding density.

Since this density is related to the atomic spacing, the equilibrium atomic spacing is de-

termined by the minimum in the binding energy as a function of embedding

density.
43, 44

Now consider a free standing monolayer, and notice that the coordination number

of the atoms in this layer is less than that in the bulk solid. Thus, if the atomic spacing

in the monolayer is the same as in the solid,,the embedding density of the monolayer is

less than the optimum density that gives the minimum binding energy. To reduce the

binding energy, the embedding density must increase closer to the optimum density. o

This is achieved by a contraction or compression of the atomic spacing in the monolayer

(compared to the bulk solid). For the more realistic case of an incommensurate

monolayer on a substrate, the surface atoms of the substrate will contribute to the em-

bedding density (i.e., they effectively increase the coordination number in the

monolayer). Thus, the atomic spacing will be larger than in a frec standing monolayer

but will still be smaller than bulk, since the coordination number is still smaller than in

the solid. These ideas predict that the near-neighbor spacing in the bilayer should be

closer to the bulk TI spacing than in monolaycr, since the average coordination number

in the bilayer is closer to that in a solid (e.g., tile first layer has neighbors above and

below it). As shown in Sec. VII, this is precisely 'what is observed.

V. Dependence of Monolayer Structure on Anodic or Cathodic

Scan Direction

As can be "Seen in the CV of'TI on Ag(l 11) in ig. 1, the current peaks for 'deposition'

(negative current) and 'stripping' (positive current) do not occur at the same potential.

Furthermore, these peaks are broadened with a IWI IM of---12 nV. Both these features
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as 0.2 mV/sec.47 It-is important to determine whether the offset bctween the deposition

and stripping peaks is caused by kinetic effects or by actual structural differences in

layers when the deposition potential is reached in an anodic (stripping or positive going)

scan or cathodic (deposition or negative going) scan. Thus, the monolayer structure was

investigated for a given potential, V, reached via anodic and cathodic scans. For the

cathodic scans, the x-ray scattering measurements were conducted on monolayers

formed by sweeping the potential from -100mV to the desired potential V. To investi-

gate the monolayer structure for anodic scans, the potential was first swept from -100mV

to -650mV, the potential sweep direction reversed, and then the potential swept posi-

tively to the final potential V. The scan rate was always 2mV/sec.

We found that at some potentials there were indications of small, initial changes in

the position (c0.05% increase in Q11) and intensity (-I-5% increase) of the monolayer

diffraction peak (which are currently being investigating), lHowevcr, after about 30

minutes, the intensity and position of the TI(10) diffraction peak did not change with

time for as long as we waited (24 hours). Moreover, the TI(10) peaks were the same for

both the anodic and cathodic scan directions. This is shown in Fig. 6, where radial and

azimuthal diffraction scans are plotted for V= -550 mV when the final scan dircction is

anodic (filled triangles) and cathodic (open circles). In the diffraction data, the peaks for

the anodic-scan direction are broader and less intense than for the cathodic-scan direc-

tion. However, this is just due to the time dependent increase in the peak widths men-

tioned in Sec. IV; the anodic data were taken after the cathodic data. The important

result is that the peak position in the radial scan (Fig. 6(a)) and the intcgrated intensities

are the same for both the anodic and cathodic data. This is also readily apparent in Fig.

7, which shows the peak positions and intcgrated intensities at P'= -550 mV for a se-

quence of anodic and cathodic scan dircctions (denoted i and C, respectively). Since

both of these are the same, wc conclude that the monolaycr structure does not depend

on whether the potential is reached in an anodic or cathodic scan. This behavior has

also investigated at -500, -525, and -600 mV with identical results and conclusions.
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These data show that for potentials between -500 mV and -600 mV (and probably

lower), the monolayer is stable and is in thermodynamic equilibrium. This conclusioii

is consistent with voltammeteric and potential pulse experiments 18' 19, 21 that show the

stripping characteristics of the monolayer are unaffected by holding the potential in this

region for >35 minutes, Our data also suggest-that the large UPD peaks in the CV (Fig.

1) are due to the discharge of the TI cations as they undergo a first-order phase transi-

tion into the 2D close-packed, hexagonal solid phase (see Fig. 5) and that the peaks are

not due to continuous adsorption.19, 48, 49 The widths of the, deposition and stripping

peaks probably result from kinetic effects, and/or heterogeneity 50 ' 51 of the Ag(l 11)

substrate. The offset between the deposition and stripping peaks is likely due to kinetic

effects and/or the influence of adsorbed S04" anions.

VI. Dependence of Monolayer Structure on Potential

In this Section, we describe our x-ray data for thedependence of the monolayer structure

on electrode potential. In the potential range -500 to -680 mV (vs. Ag/'Ag(.I), the TI

monolayer has an incommensurate hexagonal structure that is compressed compared to

the bulk metal and rotated about 4.5° from the Ag [I01T] direction. In this. potential

region, the monolayer exists in this single 21) phase, which is stable, but between -680

mV and -710 mV (i.e., the Nernst potential), the bilayer is the stable phase (see Sec. VII).

Between -500 and -470 mV, the issue of phase stability is unclear (see below) and is the

subject of further studies. The compression and rotation angle of the monolayer depend

on electrode potential and these are described below.

A. Near-Neighbor Spacing (Compressibility)

Figure 8 shows radial scans through the TI (10) Bragg rod at three different electrode

potentials. These show that with decreasing electrode potential the peak position shifts

to larger Q ; this corresponds to a decrease in the near-neighbor spacing or a com-

pression of the monolayer. We have also observed monolayer compression with de-

creasing electrode potential for l'b/Ag(ll ),9 Bi/Ag(l i1), 13 and ri and Pb/Au( ll ).3Q
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The changes in intcn.ity, and peak width that arc apparent in Fig. 8 are due to the

time-dependent changes in the monolayer diffraction discussed in Sec. IV. From this,

it is evident that the data'at -575raV were taken first, the data at -650mV sometime after

that, and the data at -500mV last.

The compression of tile monolayerwith decreasing electrode potential is readily

understood: The chemical potential of the adatoms in the monolayer increases as the

electrode potential decreases, because the potential drop across the metal/solution

interface becomes more negative (i.e., the driving force to adsorb ions from solution in-

creases). Since the chemical potential of the monolayer has increased, the monolayer

free energy can be reduced by increasing the number of TI adatoms on the Ag surface;

this directly leads to the monolayer compression. The compression of UPD layers with

decreasing potential is completely analogous to vacuum experiments on the equilibrium

adsorption of gases. There the chemical potential of the adsorbed layer is controlled by

the vapor pressure of the gas, and an increase in the vapor pressure causes a com-

pression of the adsorbed monolayer. 52-55

Figure 9 shows the dependence of the near-neighbor distance a,,, on electrode po-

tential. The datum at -477mV (the most positive potential) may be due to diffraction

from a metastable state. It was found that the diffraction peak at this potential disap-

peared slowly over aboit two hours, even though the peak position was constant after

a short initial time (=15 minute). This potential is very close to the potential where the

TI monolayer has been reported to be unstable, transforming into another phase after

about 30 minutes. 18' 19, 21 We are continuing to investigate this apparently metastable

behavior, as well as the nature of the structure that forms at this potential. Since the

dependence of the near-neighbor spacing on potential shows some curvature, the data

in Fig. 9 were least-squares fit to a qtiadratic function; the solid line shows the best fit.

Note that 'the magnitude of the slope in Fig. 9 decreases with more negative electrode

potentials or smaller a,,; this is explained below.
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We have previously demonstrated that the dependence of near-neighbor spacing

a,,, on electrode potential can be used to determine the 2D isothermal compressibility'of

the monolayer, lK2D. , 13 We find that

_I a 3 (, a,,fl)
K2D= Ze r

where D is the 2D spreading pressure, a is the atomic area, Z is the number of electrons

transferred per atom deposited, and V is the electrode potential. 3' 9, 13 It is important

to note that this relationship requires chemical and thermal equilibrium between the

monolayer and the adsorbing species. For metallic adsorbates this is readily achievable

in electrochemical environments (where the adsorbing species are ions in solution), but

it is almost impossible to achieve chemical equilibrium in vacuum (where the adsorbing

species are free metal atoms).

'Using Eq. (1) and the derivative of the best-fit quadratic function to the data

(shown by the line in Fig. 9), we calculate that for TI/Ag(l I I K D-varies lincarly with

potential from 2.2±0.15 A2/eV at -480 mV to 0.90 +0.10 A2/eV at -650 mV. The average

compressibility is K2D= 1.54±0.10 A2/eV, which is about the same as previously found for

TI/Au(l 11), Bi/Ag(l11), and Pb on Au(li 1) and Ag(l 1l). 3.93. 39 The decrease in tile

compressibility of TI/Ag(I 11) with more negative electrode potentials or smaller near

neighbor spacing is expected: As the atomic spacing decreases, the adatom-adatom

repulsive force becomes increasingly stronger, an' this makes it increasingly difficult to

pack the adatoms closer together. For TI and Pb on Au(l II), a similar decrease in

compressibility is observed as the potential becomes negative.

For most bulk metals the compressibility is dominated by the electron

compressibility,56 and hence, a similar domination is expected for metal monolayers.
. . 9. 39, 56

Using a 2D free electron gas model of the compressibility," we estimate

K2D 0.44 A2/eV. This is in reasonable agreement with our experiment; in fact, tile

agreement is as good as that found for a three dimensional free electron gas and bulk
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TI. It Would be interesting to see if a more realistic value of K2, could belpredictod With

a~moresophisticated model of TI.on Ag(l 11), such as an embedded-atom mo4cl.57

B. Rotation Angle

The rotation angle 2 is also dependent on electrode potential, but this behavior can not

be accurately quantified, because of the irreversible decrease in 2 with potential cycling

discussed in Sec. IV. However, the qualitative behavior can be determined. This is

shown in Fig. 10, where 92 is plotted as a function of potential for two Ag(l H)

substrates. The lines and arrows show how the p3tential was changed. For each po-

tential the electrochemical cell was inflated and one or more complete potential cycles

conducted (e.g., the potential was swept positively to 1OOmV and then negatively to the

new potential). These data show the irreversible decrease in 92 with cycling described in

Sec. IV, and show that for the monolayer, 2 increases with increasing potential (de-

creasing near-neighbor spacing). From Fig. 10, a slope of d2/dV= 1.4 + 0.6 deg/V is

estimated.

Novaco and McTague (NM) have developed a model to describe the dependence

of the rotation angle on the near.neighbor spacing. i' " Tle rotation results because

it allows the adatoms to sit closer to the low energy sites of the substrate (i.e., see Fig.

5(b)) and because it takes less energy to create a shear wave than a compressive wave.

The NM model explains the dependence of rotation angle on near-neiglhbo spacing for

incommensurate monolayers of inert gases physically adsorbed on graphite 6o and on

metals 61 and for incommensurate monolaycrs of alkali atoms chemisorbed on

metals 62, 63 and. on graphite. 64 It is useful to compare the NM model to our data, since

such a comparison has not been made for metallic overlayers on hexagonal substrates,

and since in none or the previous observations has the monolayer structure been close

to a commensurate (ixl) structure on a hexagonal substrate. lowever, a word or cau-

tion is in order: it is not clear that all the assumptions of the NM model are satisfied

for TI/Ag(l 11) (see Ref. 12 for a discussion). Nor are our data good enough to expect
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quantitative agreement with the model, because of the irreversible decrease of Q2 with

potential cycling (see Sec. IV).

In the NM model, 58' 59 the monolayer longitudinal and transverse sound velocities

(CL and Cr, respectively) are important parameters. Unfortunately, these are unknown

for TI/Ag(I 11). In Ref. 12, we estimated these quantities by modeling the monolayer

as a thin plate of bulk TI with the (00.1) direction normal to the plate; this model and

the bulk elastic constants were then used to calculate the in-plane values of Young's

modulus and Poisson's ratio, 65-67 and from these, ct and Cr were calculated., ,e found

L(CcT) 2 - 1=2.75. Because of the uncertainty of our assumptions, the error in this

estimate is unclear, but we (conservatively) expect that I falls between about 2 (the value

for a 2D Cauchy solid) and about 3.5. This uncertainty is large enough that one should

not anticipate quantitative agreement between our data and the absolute rotation angles°

calculated with the NM model. In view of this and the cautions noted in the previous

paragraph, the best to be expected is qualitative agreement, and indeed, this is observed.

For 2 < I < 3.5 and for our observed range of near neighbor spacing (a,,,= 3.38 - 3.33 A),
the NM model gives Q - 4.3 - 6.30. Figure 10 shows that for the TI monolayer,

92 4.2 - 4.70.

The derivative of the rotation angle with respect to the near-neighbor distance,

di2/da,,, depends less sensitively on il than the absolute rotation angle. Furthermore, the

NM model predicts that d2/da,, should be essentially constant over our measured range

of near-neighbor spacing. Thus, it is also useful to compare a calculation of d~lda,, to

the data. Figure 10 shows d92/dV = 1.4+0.6 deg/V, and since the average slope in Fig.

9 is dal[dV = 0.27 A/V, we find d,21da,, = 5.3+2.3 deg/A. With the NM model, the

slope is calculated as d(lda,,, = 7.6, 10.0, and 11.3 deg/A. for il = 2, 2.75, 3.5. respec-

tively. Thus, the derivative prcdicted with the NM model is also in reasonable qualita-

tive agreement with our data.
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Our data for the dependence or the rotation angle on near-neighbor spacing-agrecs

qualitatively (indeed, almost semi-quantitatively)' with the NM model, which is the-most

to be expected, considering all the uncertainties. This is significant because there, have

been no tests of the NM model for metallic adsorbed layers or for overlayers on

hexagonal substrates where the structure is close to a (Ixl) commensurate lattice. A

better test will require obtaining a better value for r1 and understanding and eliminating

the cause of the irreversible decrease ofra (presumably, adsorption of trace levels of or-

ganics, see Sec. IV.B).

VII. Bilayer Structure for TI/Ag(l 11)

Two layers of TI (a bilayer) can be deposited by UPD on Ag(l 11), but not on

Au(l 1ll).3"' To understand this difference, it is first important to determine the

structure of the bilayer phase. This structure is also of interest in its own right, since the

two T1 layers may be either mutually commensurate 18 or incommensurate. 27 Our ex-

periments are described in detail in a separate publication, where we report measure-

ments of the intensities along the TI (10) and (1I) Bragg rods of the bilaycr.39 For

completeness, the results of these measurements are briefly described here. We find that

the second TI layer is commensurate with the layer beneath it and the second layer at-

oms are positioned in the three-fold hollow sites of the bottom TI layer. T[he spacing

between the layers is about 2.85 A, 0.1 A larger than for bulk TI, and there is more dis-

order in the bilayer phase than in the monolayer. Although the TI layers in the bilayer

are mutually commensurate, the entire bilayer structure is incommensurate with the

Ag(lll) substrate. The near-neighbor spacing in the bilayer is 3.397 A, which is signif-

icantly larger and closer to bulk TI than in the monolayer (see Fig. 9). Since the average

coordination number in the bilayer is larger than in the monolayer, this is just what is

expected from effective-medium theory (see Sec. IV.l)).

The rotation angle 92 for the bilayer is about 3.1P, which is smaller than that for the

monolayer, even though a,, is larger (see Figs. 9 and 10). Thus, the rotation angle ofthe
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bilayer breaks the trend observed in the monolayer: on going from the monolayer to the

bilayer, dolda,, is negative, which is opposite to that observed for the monolayer and

that suggested by the NM model. 58' 59 This probably results because there is a large

difference in the elastic constants (and hence the sound velocities) between the bilayer

and monolayer, or perhaps, because anharmonic interactions are more important in the

bilayer (the NM model assumes harmonic interactions between adatoms).

At electrode potentials where the bilayer phase exists (see Fig. i), we observe

diffraction peaks from both the bilayer and a phase with a more compressed structure.

The near-neighbor spacing for the compressed phase is about 3.33 A (see Fig. 9). This

spacing is consistent with an extrapolation of the near-neighbor spacings in the

monolayer phase. It is found that the intensity of the peak rom the compressed phase

decreases with time (several hours). This suggests that the compressed phase is a

metastable monolayer phase, and that at these potentials, there is transient coexistence

between this metastable monolayer and the stable bilayer phase. The changes with time

are then due to the kinetics of a monolayer-to-bilayer phase transformation.

Fleischmann and Mao have also used in situ x-ray diffraction to study Tl bilayers

deposited on roughened Ag electrodes. 7 A modulation technique war, used; data were

taken at a potential where the layer was not adsorbed on the electrode and were sub-

tracted from data taken at a potential where the Tl bilayer was adsorbed. The major

feature observed by Fleischmann and Mao was an enhancement of the Ag(I II)

diffraction peak, which they attributed to the presence of' a TI (IH) surface diffraction

peak at the same position as the Ag(l 11) diffraction peak. This Ieature was interpreted

as resulting from a commensurate first (or bottom) layer of" TI on the (I 1I) facets of the

roughened Ag electrode. I owever, such a structure will not produce TI( 1I) peaks at the

Ag(l It) positions and also requires an unreasonably large compression in the firs- layer

(19%). Two less defined features were also observed 27 and were attributed to diffraction

from a top layer with an oblique lattice that is incommensurate with the bott .n layer.
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The structure for the TI bilayer that was proposed by Fleischmann and Mao 27 does

not explain their data and disagrees with our results. lre we propose an alternative

explanation of their data. The enhancement of the Ag(l 11) peak probably results be-

cause the Ag(l 11) d-spacing (2.36A) is comparable to the spacing between the top and

bottom TI layers (c-2.85A) and the spacing between the bottom TI layer and the Ag

surface (=3A).12 Thus, the deposition of the TI bilayer effcctively increases the thickness

of the Ag(l 11) crystallites and this results in an increase in the diffracted intensity near

the Ag(1 11) peak. A similar effect has been observed for Ar and N2 physically adsorbed

on Grafoil (a graphite powder). 69' 70 The more poorly defined features observed by

Fleischmann and Mao 27 correspond to d-spacings of 2.57 and 2.89 A. These are close

to the bulk TI (101) and TI bilayer (10) d-spacings (2.63 and 2.94 A, respectively), and

we speculate that these observed features are due to diffraction from bulk TI and the

bilayer.

VIII. Summary and Conclusions

In-situ surface x-ray scattering has been used to investigate IJPD layers or TI on

Ag(l1l). We have considered this to be a prototypical IJPI) system and have investi-

gated it in some detail with intercsting and important results. In this paper we have

described the atomic structure, the thermodynamic stability, and the dependence of the

structure on electrode potential. Between potentials of -475 and -680 n.V (vs.

Ag/AgCI), the TI deposit forms an incommensurate, hexagonal monolayer that is com-

pressed relative to bulk TI by 1.4-3.0% and rotated from the Ag [OIT] direction by

Q=4-5*. At -550 mV, the in-plane and vertical root-mean-square displacement ampli-

tudes of the monolayer are 0.36±0.05 A and 0.46±0.1 A, respectively. The equivalence

of the atomic structure for UPI) and vapor deposited 38 TH/Ag(Ill) suggests that the

UPI) layer consists of zero valent Tl adatoms, which agrees with electrochemical

voltammeteric evidence.18 Furthermore, this equivalence shows that the solvent-adatom

interactions do not influence the monolayer structure. That the monolayer structure is

about the same as the closest packed planes of the bulk TI indicates the adatom-adatom
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interactions are the primary forces determining the structure for this UPD system. The

monolayer structure is only weakly influenced by adatom-substrate interactions, which

create the local spatial modulation of the adatom positions. 12

The compression of the monolayer (compared to bulk TI) is explained in terms of

effective medium theory.43-46 In the TI monolayer, the coordination is less than in bulk

TI, and hence if the atomic spacing in the monolayer is the same as in bulk, the electron

density in the monolayer will be less than the optimum density. For the electron density

to increase closer to the optimum density, the monolayer must contract or compress

compared to the bulk solid. These ideas also explain why the near-neighbor spacing in

the bilayer is closer to the bulk TI spacing than in the monolayer.

Between -500 and -680 mV, the monolayer is stable for at least 24 hours (our

longest observation time), and the monolayer structure does not depend on whether the

potential is reached in an anodic (stripping) or cathodic (deposition) scan. This shows

that the monolayer is in thermodynamic equilibrium and that the offset and observed

width of the peaks in the cyclic voltammogrems are due to kinetics, the influence of

adsorbed anions, and/or substrate heterogeneity. These observations also indicate that

the large UPD peaks are due to a first-order phase transition into the close-packed

hexagonal, 2D solid phase.

The in-plane spacing between TI adatoms decreases with decreasing electrode po-

tential. This results because a decrease in the electrode potential corresponds to an in-

crease in the monolayer chemical potential, which (hvors the adsorption of more TI to

minimize the free energy. From our data, the 21) compressibility (K21) of the Tl

monolayer can be calculated, since the monolayer is in chemical equilibrium with the

adsorbing species. We find that K2D varies rom 2.2±0.15 (at -480 mV) to 0.90+0.10

A2/eV (at -650 mV) and has an average value of K,,= 1.54+0.10A2/eV. This is similar

to previously measured compressibilities of U PD monolayers3' 9, 13 and is in reasonable

agreement with theoretical estimates using a 2D Free electron gas model (0.44 A2/CV).
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The -otati6n angle Q depends on the electrode potential and adatom spacing, but

irreversibly decreases with potential cycling, and we speculate that this is due to the

adsorption of trace impurities. Despite this irreversibility, the dependence of Q2 on

adatom spacing qualitatively agrees with Novaco-McTague model.5,' 59

Between -680 mV and -710 mV (the bulk deposition potential), the TI deposit forms

a bilayer with an incommensurate, hexagonal structure. For the bilayer, the com-

pression (compared to bulk TI) and rotation (from Ag [01T]) are 1.0% and 3.9', re-

spectively, and are less than for the monolayer.3 9
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Figure Captions

Figure 1. Cyclic voltammogram (CV, or current vs voltage scan) for the deposition of

TI on Ag(I I 1)in 2.5x10 3 M T12SO4 and 0. "M Na 2SO4. The potentials were measured

relative to Ag/AgC1 (3M KCI) and the Nernst potential for bulk deposition was -710mV.

The arrows indicate the scan directions and the scan rate was 2 mV/s. The inset shows

the adsorption isotherm, which is the integral of the current in the cyclic voltammogram.

This is the charge, Q ad, that flows into the electrode during TI deposition. There is a

background current due to processes that do not involve deposition of TI. This back-

ground current was estimated by a linear current that passes through the cyclic

voltammogram at V=-600 and -180mV. It has been subtracted from the data in the

calculation of Qad*

Figure 2. In-plane X-ray diffraction pattern (Q,=0) ror a monolayer of TI on

Ag(l 11). The center of the pattern is illustrated with a plus, the Ag reflections with open

circles, and the TI reflections with filled circles. There are two observed domains, ori-

ented ±4.60 from the Ag substrate.

Figure 3. X-ray diffraction from l'l on Ag(l I1) for a deposition potential of-550mV

(vs. Ag/AgC1). (a) A radial scan of the TI (10) Bragg rod. In this scan the magnitude

of the scattering vector Q = I Q was varied, but the azimuthal angle was fixed at

= 4.6 . Tffe azimuthal angle is the angle between -' and the Ag (211) direction. (b)

An azimuthal angle scan of the TI (10) Bragg rod at fixed Q,= 2.16A '. In both scans,

the component of the scattering vector perpendicular to the substrate surface is Q,= 0.15

A-'.

Figure 4. Rod scans of the TI(10) and TI (11) Bragg rods (circles and triangles, re-

spectively)'for a layer deposited at -600 mV (vs. Ag/AgCI). The data are the measured

peak intensities after subtracting off the background and have been corrected for sample

area, Lorentz factor, TI atomic Form factor, and resolution function. The 1solid lines are
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the best fits to the data with a, = 0.36 + 0.05,1, a. = 0.46 ± 0.1 /f, and solution thick-

nesses of 21pm and 10in for the (10) and (11) rods, rcspcctively.

Figure 5_-Schematic real-space representation of onedomain or monolayer T1 on

Ag( 11). The rotation angle between the Ag and TI lattices is a= 4.5' and the average

near-neighbor spacing of the TI monolayer is 3.36 A. The open circles represent atoms

in the Ag(l 11) surface and the shaded circles represent the Ti atoms; the lower leftmost

adatom is arbitrarily positioned above an Ag atom. (a) The (hypothetical) unmodulated

or average structure. (b) The modulated monolayer. The adatoms positions are calcu-

lated as described in Ref. 12.

Figure 6. Diffraction scans for TI monolayers where the deposition potential of

-550 mV (vs Ag/AgCI) is reached in an anodic or cathodic scan (filled triangles and open

circles, respectively). Note that the diffracted intensity has been normalized to the

monitor count rate and that Q.=.0.15 A-1. (a) Radial scans of the TI (10) Bragg rod at

the peak in the azimuthal scans ( = 4.45 ° and 4.6' for the anodic and cathodic data,

respectively). (b) Azimuthal scans of the TI (10) Bragg rod at Q= 2.15A".

Figure 7. The peak positions (open circles and left-hand scale) and integrated in-

tensities (filled triangles and right-hand scale) for TI monolayers where the electrode

potential is V=-550 mV (vs Ag/AgCi) and is reached in anodic or cathodic scans (de-

noted A and C, respectively). The integrated intensities are from azimuthal scans and

are :n arbitrary units. They have been corrected for the increase in radial width with

potential cycling (see Sec. IV). This was done by multiplication of the intensities in the

azimuthal scans by the measured radial width. The errors for the peak positions arc the

size of the data points.

Figure 8. Radial scans of the TI( 10) peak at (a) -500 mV, (b) -575 mV, and (c) -650

mV. These show that the pcak position shifts to larger Q, with decreasing potential.
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The-data .at -575mV were taken first, the data at -650mV sometime.after that, and-the

data at -500 mViast.

Figure 9. Dependence of the TI layer near-neighbor distance on the electrode po-

tential, V (vs Ag/AgCI). The triangle is for the bilayer, whereas the filledcircle is for the

metastable monolayer phase that coexists with the bilayer (see Sec. VII). Except for this

datum, the errors are the size of the data points. The data are plotted as a function of

decreasing potential, since a change in chemical potential of the monolayer is propor-

tional to the negative of the change in electrode potential. The line is the least-squares

fit of a quadratic (a,,, = C2 V2 + C, V + Co) to the data with the result

Co = 3.7101, C, = 9.959x10- 4 , and C2 = 6.471xl0-I. (a, is in A and V is in mV). The

arrow marks the 'average' near-neighbor spacing for bulk TI. Since bulk TI is hexagonal

close packed (hcp), there are two 'near-neighbor' spacings that are almost the same.

The average spacing (3.432 A) was calculated by setting the volume oF the hcp unit cell

for TI equal to the volume oF a (hypothetical) face centered cubic cell, which has a

unique near-neighbor spacing.

Figure 10. Dependence of rotation angle Q2 on electrode potential V (vs Ag/AgCI).

The lines and associated arrows show the order in which the data were taken. The open

circles are for the monolayer, whereas the filled circle is for the bilayer. Data from two

Ag(l 11) substrates are shown ((a) and (b), respectively).
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