
PHYSICAL REVIEW B 15 MAY 1998-IIVOLUME 57, NUMBER 20
Underpotential deposition of Cu on Pt„001…: Interface structure and the influence
of adsorbed bromide
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Using in situ x-ray diffraction, we studied the underpotential deposition~UPD! of copper onto a Pt~001!
electrode both in pure perchloric acid and in the presence of bromide anions. In pure perchloric acid, the Cu is
deposited in pseudomorphicp(131) islands. In the presence of bromide anions, the strong Pt-Br interaction
significantly broadens the potential range of Cu UPD. We propose that Br remains in the interface region
throughout the UPD process, at first in a disordered Cu-Br phase and then, at more negative potential, forming
a c(232) closed-packed monolayer on top of the completedp(131) Cu monolayer. The structures are
compared to those found during Cu UPD onto Pt~111!, and explained in terms of the metal-halide interactions
and the Pt surface atomic geometry.@S0163-1829~98!06120-7#
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I. INTRODUCTION

The underpotential deposition~UPD! of a metal onto an-
other metal substrate corresponds to the electrochemica
sorption, often of one monolayer, that occurs at electr
potentials positive of the Nernst potential below which bu
metal adsorption occurs.1 Numerous experiments hav
shown that the UPD layer can dramatically alter the chem
and electronic properties of the interface.2 The UPD layer is
also the first stage of bulk metal deposition, and its struct
therefore, can strongly influence the structure of the b
deposit. Early studies of UPD using polycrystallin
substrates1,3 have, more recently, been extended to sing
crystal substrates, which not only allows the role of surfa
atomic structure to be explored, but also permits a study
the interface structures by diffraction-based techniques, s
as low-energy electron diffraction~LEED! and surface x-ray
scattering.4 Many of these studies were performed using e
ersion methods, whereby the structure formed in an elec
chemical cell was transferred into an UHV environment,
that standard surface science probes, such as LEED and
ger electron spectroscopy could be applied.5 In the past de-
cade, a number of experimental probes, which can study
electrochemical interfacein situ, have been developed, mo
notably scanning tunneling microscopy~STM! and
synchrotron-based x-ray techniques, adsorption spec
copy, and surface x-ray diffraction.4,6,7 These studies hav
revealed the importance of studying the electrochemical
terfacein situ, where the electrolyte and the strong elect
fields at the interface are intact.

As researchers have become more proficient in the us
the in situ techniques, a wide range of bimetallic system
have been studied; some examples are Cu/Au(hkl),8

Tl/Ag(hkl),9 Pb/Ag(hkl),10 and Cu/Pt(hkl).11,12 This has
led to a greater understanding of the physics determining
structure of the UPD layer, in particular with regards to t
role of the electrode potential and of various other adsorb
species that can be present in solution. In some ways,
570163-1829/98/57~20!/13184~8!/$15.00
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development parallels the advances made in UHV studie
metal deposition onto metal substrates, i.e., by molecu
beam epitaxy and other vacuum deposition techniques.
motivation to develop thin metal films with known atom
structures had led to the discovery of a rich variety of phy
cal phenomena, such as surface intermixing and alloyin13

dealloying,14 and adsorbate-induced reconstruction.15 For
simple nonalloying systems, the growth mode is depend
on the surface and interface energies, and typically co
sponds to one of three cases; layer-by-layer growth~or Frank
ver der Merve growth!, layer-by-layer growth followed by
islanding~Stranski-Krastanov growth! or pure island growth
~Volmer-Weber growth!.16 Attempts to tune the growth
mode in both homoepitaxial and heteroepitaxial systems
also led to the use of ‘‘surfactants,’’ i.e., the presence
another atomic species on the surface to promote a partic
growth mode.17

In our recent experiments, we have performed a syst
atic study of the UPD of Cu and Pb onto Pt~111!
substrates.12,18 This was motivated, in part, by the impo
tance of Pt as a catalyst, but also because of the abilit
prepare clean ordered Pt surfaces by the technique of fl
annealing. This allows fast transfer of the Pt crystal into
electrochemical cell, thus reducing the risk of contaminat
and eliminating the need for UHV surface preparation.19 By
combining x-ray scattering and rotating ring disk electro
~RRDE! experiments, we were able to propose a detai
mechanism for Cu UPD onto Pt~111!. In particular, we
showed that halide anions in solution~either chloride or bro-
mide!, which form a complete monolayer at positive pote
tials, remain on the surface throughout Cu UPD, first in
incommensurate 434 Cu-halide bilayer structure, and the
at a more negative potential, on top of a pseudomorp
131 Cu monolayer.18 For contrast we also studied Pb UP
onto Pt~111!.20 In pure perchloric acid, Pb UPD followed
monolayer island growth mode until, at a threshold covera
a compact 33) rectangular structure was formed, as pre
ously reported by Adzicet al.21 The presence of bromide
13 184 © 1998 The American Physical Society
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57 13 185UNDERPOTENTIAL DEPOSITION OF Cu ON . . .
anions in solution had a dramatic influence on the Pb U
process.20 Rather than splitting the deposition into a tw
stage process, as observed for Cu UPD, the nature of
Pb-Br interaction led to the slow formation of ap(232)
structure at the Pt~111! surface which was difficult to stabi
lize under equilibrium conditions.

In this paper we report a study of the role of surfa
symmetry in the Cu UPD process by describing x-ray sc
tering measurements made during Cu UPD onto Pt~001!, and
comparing the results obtained with similar measureme
made on Pt~111!. We describe results of Cu UPD in bot
pure perchloric acid, where there is no strong adsorption
the anion onto the surface, and in perchloric acid contain
bromide ions, where there is strong adsorption of the an
onto the surface at all potentials. By combining crystal tru
cation rod~CTR! measurements with anomalous scatter
techniques, we are able to describe both the Cu and Br s
tures that are formed on the Pt surface during Cu UPD, s
as their respective coverages, symmetry, and the Pt-Cu
Cu-Br bond lengths. The results are summarized and c
pared to those obtained on Pt~111!.

II. EXPERIMENTAL DETAILS

The Pt~001! crystal~miscut;0.18°! was prepared by an
nealing in a hydrogen flame and cooling in streaming hyd
gen before a drop of electrolyte was placed on the surface
transfer into the x-ray electrochemical cell. The x-ray c
was mounted at the center of a four-circle goniometer
beamline 7-2 at the Stanford Synchrotron Radiation Labo
tory. X-ray measurements were performed using a focu
monochromatic x-ray beam of energy 10 keV~for some
measurements the energy was in the range 8.8–9.0 keV
the region of the CuK adsorption edge!, and defined by slits
to be a 0.830.8-mm2 spot at the sample. Diffracted x ray
were measured by a Ge solid-state detector after pas
through a Soller slit~which defined an in-plane resolution o
;0.005 Å21! and a 6-mm horizontal slit;700 mm from the
sample. The crystal was indexed to the surface tetrag
unit cell which is related to the conventional cubic unit c
by the transformations (1,0,0)t51/2(2,2,0)c , (0,1,0)t
51/2(2,22,0)c , and (0,0,1)t5(0,0,1)c . The spectromete
was aligned using the~0,0,2! and ~1,0,1! bulk Bragg reflec-
tions.

The electrolyte solution consisted of pyrolytically trip
distilled water, 0.1-M HClO4 ~EM Science, Suprapur! and
1023-M Cu21 ~from CuO Adrich, Puratronic!. To study the
effect of bromide anions on the UPD process, 0.01-M K
~Baker, Ultrex! was added to the electrolyte. The purity
the electrolytes and the cleanliness of the Pt~001! sample
after flame annealing were carefully checked by mount
the electrode in a rotating-ring-disk configuration and p
forming electrochemical measurements.22 These were in ex-
cellent agreement with previous results.23,24 In the x-ray cell,
immediately after mounting in the x-ray goniometer and b
ing put under potential control, the measured cyclic volta
metry ~CV! contained all of the main features observed
the electrochemical cell, although with time these featu
became distorted as the electrolyte made contact with
polycrystalline back and sides of the crystal. After the init
cycling, the electrode potential was transferred to compu
D
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control for the duration of the x-ray experiment. All pote
tials were measured against a Pd/H reference electrode
are quoted versus a saturated calomel electrode for com
son with previous work.

III. RESULTS

In none of our x-ray scattering experiments of Pt~001! did
we observe the vacuum surface reconstruction@hexagonal
5320 superstructure# ~Ref. 25! when the sample is in con
tact with the electrolyte. We have performed measureme
in a number of solutions, e.g., KOH, HClO4, and H2SO4, but
have always found that the surface is in the unreconstru
131 state at all electrode potentials.26 The absence of recon
struction was confirmed both by the lack of any superlatt
Bragg reflections and by the shape of the specular CTR
positive potential~where no Cu is adsorbed onto the su
face!. This was similar to the calculation for an ideally te
minated 131 Pt surface which is shown by the dashed lin
in Fig. 2. We have never observed the characteristic shap
the specular CTR associated with the reconstruc
surface.19,27 CV measurements on the Pt~001! surface pre-
pared by flame annealing28 show features that are consiste
with a significant density of atomic steps. In our x-ray sc
tering experiments, whenever an ordered adlayer supers
ture on the Pt~001! surface was observed, the coherent d
main size was in the range 30–60 Å@both in this study and
in measurements of other adsorbates on the~001! surface#.
We propose, therefore, that the flame-annealed Pt~001! sur-
face consists of flat, defect-free terraces of length 30–6
separated by adatoms, vacancies, or atomic steps. This
trasts to the flame-annealed Pt~111! surface on which we
have observed superstructures with domain sizes of 200–
Å.12,18,20The relatively short terrace lengths on Pt~100! ap-
pear to be intrinsic to the hydrogen flame annealing pro
dure with this crystal face. It should be noted that the m
sured miscut of 0.18° would give a significantly larg
terrace size,;620 Å for monolayer-high steps. The me
sured transverse width of the nonspecular CTR, at lowl ,
gave a coherence length which was equal to the resolutio
the x-ray spectrometer, and this is consistent with the la
terrace size. This implies that additional defects or atom
steps are randomly distributed as observed in STM image
the flame-annealed Pt~001! surface.29

A. Cu UPD in 0.1-M HClO4

Changes in the surface structure were monitored du
Cu UPD by measuring the scattered intensity at a partic
reciprocal-lattice point as the electrode potential w
scanned. Such a measurement, at~1,0,0.1!, an anti-Bragg
position on the non-specular (1,0,l ) CTR is shown in Fig.
1~a!. Figure 1~b! shows a similar measurement for solutio
containing 1022-M KBr, and this will be discussed in Sec
III B. The potential range in Fig. 1~a! was chosen to avoid
the region of bulk Cu deposition (E,20.2 V) and the re-
gion of surface oxidation and roughening (E.0.45 V). The
result clearly shows the one-step process that correspon
Cu deposition~the hysteresis between the anodic and
thodic sweeps being caused by the kinetics of adsorp
which depends on the sweep rate, in this case 2 mV/s!. Iden-
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13 186 57C. A. LUCAS, N. M. MARKOVIC, AND P. N. ROSS
tical results to that of Fig. 1~a! were obtained at~0,0,1.03!, a
position on the specular CTR which is insensitive to t
in-plane order of the Cu adlayer. The exact matching
tween the specular and nonspecular CTR results implies
the adsorbed Cu is ordered in commensurate Pt sites, p
ably the fourfold hollow site, as this would cause the o
served decrease at~1,0,0.1!. Holding the electrode potentia
at 20.13 V, the negative potential limit, we searched f
superlattice diffraction peaks by scanning along the^1,0,0&
and ^1,1,0& directions, atl 50.1, and then repeated the me
surement after stepping the electrode potential to 0.19 V,
before the onset of complete Cu desorption from the surfa
In both cases we observed no additional diffraction pe
other than those from the Pt~001! surface, and so we con
clude that Cu is deposited into ap(131) pseudomorphic
overlayer.

In the absence of superlattice reflections, structural in
mation about the Cu adlayer can be obtained by modelin
the CTR data. The data measured at20.13 V for the (0,0,l )
and (1,0,l ) CTR’s are shown in Fig. 2. To model the data w
included a partial coverageuCu of Cu adatoms in fourfold
hollow sites on the Pt~001! surface lattice, and allowed th
coverage, the surface normal spacingdPt-Cu, and the Debye-
Waller-type roughness,30 sCu, of the Cu layer to vary~full
details of the scattering equations are described in Refs
and 31!. The best fit is shown by the solid lines in Fig.
according to the structural parameters listed in Table I. T
surface roughness of the Pt substrate,sPt, was fixed at the
value determined by fits to nonspecular CTR data meas
at 0.4 V, where no Cu is adsorbed onto the electrode sur
~i.e., fitted with a single parameter!. The dashed lines in Fig
2 are a calculation of the scattering from an ideally term
nated Pt~001! lattice. Clearly, the simple structural model w
use is capable of describing the data. Also listed in Tab
are the parameters derived from a fit to similar data meas
at 0.19 V. These data and best fit are also shown in Fig
which confirms that the kinetic measurements in Fig. 1~a! are
repeated under steady-state or equilibrium conditions.

FIG. 1. ~a! The measured x-ray intensity at~1,0,0.1! as a func-
tion of the electrode potential in solution containin
0.1-M HClO411023-M Cu21. The solid and dashed lines are for th
anodic and cathodic sweep directions, respectively~the sweep rate
is 2 mV/s!. ~b! The measured x-ray intensity at~1,0,0.1! in a solu-
tion containing 0.1-M HClO411023-M Cu2111022-M KBr.
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note that the intensity changes shown in Fig. 1~a! and the
data in Fig. 2 indicate that at positive potential the CTR d
were similar to that of the ideal 131 surface~dashed lines in
Fig. 2!. Given that the changes in the x-ray data, which
fully reversible with potential, correlate with the Cu UP
features which are well known from cyclic voltammetr
studies, it is apparent that the x-ray data are sensitive to
deposition of Cu, and not simply roughening of the Pt s
face. This was confirmed by varying the incident x-ray e
ergy in the region of the CuK adsorption edge. At position
on the CTR’s where the Cu contribution to the scatte
intensity was relatively large, i.e., midway between t
Bragg reflections, the scattered intensity showed the
pected energy dependence across the CuK edge. A detailed
set of measurements in which this technique is further
ploited is presented in Sec. III B.

According to a hard-sphere model and using the meta
radii of Pt ~1.39 Å! and Cu~1.28 Å!, a vertical spacing of
1.81 Å for Cu adsorbed into a Pt~001! fourfold hollow site is
calculated. This is in excellent agreement with the value

FIG. 2. The crystal truncation rods~CTR’s! measured at an
electrode potential of20.13 V ~triangles! and 0.14 V~squares! in
0.1-M HClO411023-M Cu21. The dashed lines are calculations f
an ideally terminated Pt~001! surface, and the solid lines are th
best fits to the data according to the structural model describe
the text and the parameters listed in Table I.

TABLE I. Parameters used to calculate the solid lines in Fig
The Pt surface roughness was fixed at the value determined at
tive potential~where no Cu is adsorbed onto the surface! from a
single parameter fit to the nonspecular CTR.

Electrode potential
20.13 V 10.19 V

sPt 0.160.05 Å 0.160.05 Å
uCu ~per Pt surface atom! 0.860.1 0.1860.1
dPt-Cu 1.8460.07 Å 1.8860.09 Å
sCu 0.1060.1 Å 0.1560.1 Å
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57 13 187UNDERPOTENTIAL DEPOSITION OF Cu ON . . .
obtained from our fit to the CTR data. It appears, therefo
that Cu grows as 131 pseudomorphic islands on the Pt~001!
surface and reaches a coverage of 0.80 ML at20.13 V. By
stepping the electrode potential more negatively, it may
possible to complete the Cu monolayer. At 0.19 V, a pot
tial where the Cu is partially desorbed, we obtained a cov
age of 0.18 ML. At this potential we were unable to obse
any superlattice diffraction pattern, for example, from
c(232) structure. Our results are in good agreement w
theex situLEED study by Aberdamet al.,32 in which it was
also suggested that Cu was deposited intop(131) pseudo-
morphic islands. We can find no evidence of thec(232)
structure that was proposed in Ref. 23 to be formed in
first stages of Cu deposition. The sharp change in intensi
~1,0,0.1! @Fig. 1~a!# indicates that Cu deposition occurs
pseudomorphic island growth and is not a two-step proc

B. Cu UPD in 0.1-M HClO410.01-M KBr

In a previous publication we described RRDE and x-r
scattering measurements of bromide adsorption onto Pt~001!
in 0.1-M HClO4.

33 Briefly, the results showed that bromid
adsorption began at an electrode potential of;20.25 V, and
reached a coverageuBr of ;0.42 ML at 0.5 V. Although we
were unable to detect any in-plane superlattice peaks co
sponding to long-range order in the Br adlayer, CTR m
surements implied that Br formed a strong covalent bo
with the Pt substrate, and was probably present in a mix
of short-range ordered structures which covered the Pt~001!
surface. This conclusion was also suggested on the bas
STM results.29

The effect of bromide adsorbed onto the surface on the
UPD process is illustrated in Fig. 1~b!, which shows the
measured x-ray intensity at~1,0,0.1! as a function of the
electrode potential. Comparison with Fig. 1~a! indicates that
the adsorbed bromide broadens the potential range of
deposition, but there is no evidence of a stagewise depos
process. This contrasts with results obtained on the Pt~111!
surface~see Fig. 1 of Ref. 12!, where two distinct steps in Cu
UPD were observed, the first corresponding to formation o
Cu-Br bilayer with Cu bonded to Pt and Br in the topmo
atomic layer. There is a larger hysteresis in the x-ray int
sity at ~1,0,0.1! in the presence of adsorbed Br, indicative
the slower kinetics of ordering of Cu adatoms into t
pseudomorphic structure. This effect may arise from
stronger Pt-Br interaction on the~001! surface, which in-
duces competition between Cu and Br for the Pt adsorp
sites, and broadens the potential range of Cu UPD.

We held the electrode potential at 0.43, 0.12, a
20.13 V, in each case allowing enough time for the syst
to reach an equilibrium state, and then searched for in-p
scattering peaks. The search consisted of scans along
high-symmetry, in-plane Pt reciprocal-lattice directions al
50.1, and rotational scans at positions where incommen
rate adlayers would be expected to give scattered inten
e.g., atQ5u100uBr and Q5u100uCu. In agreement with our
previous work, we found no peaks at 0.43 V, where only
is adsorbed onto the surface.33 In addition, no peaks were
found at 0.12 V, an intermediate potential where, on
Pt~111! surface under identical conditions, we observed
structure with approximately 434 symmetry that corre-
,
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sponded to an incommensurate Cu-Br bilayer.12,18 At
20.13 V, however, we observed peaks at reciprocal-lat
positions which could be indexed to ac(232) structure. The
in-plane scattering in reciprocal space is represented in
3, together with some rocking scans at the vario
reciprocal-lattice points that are indicated~a! ~1

2 , 1
2 ,0.1), ~b!

~0,1,0.1!, and~c! ~1
2 , 3

2 ,0.1). Nopeaks were observed at an
reciprocal-lattice points with higher symmetry than thec(2
32) structure, such as those expected for ac(&
32&)R45° structure,34 which also gives rise to Bragg re
flections at the positions defined by thec(232) unit cell. As
can be seen from Fig. 3, all of the measuredc(232) reflec-
tions were relatively broad compared to the peak at~1,0,0.1!
on the Pt CTR and, from Lorentzian fits to the data~solid
lines in Fig. 3!, a domain size in the range 30–60 Å for th
c(232) structure was calculated.35 As mentioned earlier, we
believe that 30–60 Å is the range of terrace sizes on
flame-annealed Pt~001! surface in between atomic steps a
defects. No dependence of the measured domain size o
potential sweep rate was observed. Thec(232) diffraction
pattern was, however, only formed if the electrode poten
was held in the region below20.12 V and, even then, only i
the potential was approached from a more negative poten
Once formed, thec(232) structure was stable at negativ
potential, until the onset of bulk Cu deposition.

In our previous study of Cu UPD onto Pt~111!, we used
anomalous scattering techniques to show that the 434 struc-
ture observed in the first stage of Cu deposition contai
both Cu and Br in the unit cell.12 This was determined by
measuring the integrated intensities of the 434 superlattice

FIG. 3. A representation of the in-plane scattering measure
20.13 V in solution containing 0.1-M HClO411023-M Cu21

11022-M KBr. The solid circles correspond to the measuredc(2
32) reflections and the squares to the location of bulk Pt CT
and Pt Bragg reflections. The lower figures show scans through
indicated reciprocal lattice points at~a! ~1

2 , 1
2 ,0.1), ~b! ~0,1,0.1!,

and~c! ~ 1
2 , 3

2 ,0.1). Ineach case the solid lines are fits of a Loren
zian line shape to the data.
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reflections, as the incident x-ray energy was tuned clos
the CuK adsorption edge~8979 eV!. Systematic changes i
the measured intensities were used to derive a struc
model. Given that thec(232) diffraction pattern in this
study was obtained at20.13 V, a potential where a signifi
cant amount of Cu is adsorbed onto the surface, we
formed similar measurements at severall values along the

( 1
2 , 1

2 ,l ) and (1
2 , 3

2 ,l ) rods ~the intensity along these rod
showed a gradual decrease as a function ofl , although their
exact form was complicated by adsorption of x rays by
trapped electrolyte at low-l values!. Measurements of the
integrated intensities at 8779 and 200 eV below the CuK
adsorption edge, and 8974 and 5 eV below the Cu edge, w
performed, but showed absolutelyno dependenceon the in-
cident x-ray energy. Given that the dispersion corrections
the Cu atomic form factor change significantly over this e
ergy range,36 this result implies that no Cu is contained in th
c(232) unit cell. It seems likely, therefore, that thec(2
32) structure consists of an ordered Br lattice which
formed on top of a pseudomorphic Cu layer.

The intensity distribution of thec(232) reflections was
very simple, showing aQ-dependent decrease that w
slightly more rapid than calculated for a perfect structu
presumably due to disorder. To obtain more detailed str
tural information, we again used CTR measurements, a
Sec. II, modifying the scattering equations to include ac(2
32) Br adlayer on top of ap(131) pseudomorphic Cu
monolayer and allowing the respective coverages, sur
normal spacings, and roughnesses to vary in order to fit
data. The CTR’s passing through the bulk Pt Bragg refl
tions include contributions to the scattering both from the
and Br adlayers and the Pt lattice. In modeling of CTR da
there is always some question as to the uniqueness o
model that is used for the starting point for structural refin
ment. To further test the model, we measured the CT
with incident x-ray energies of 8779 and 8974 eV, and
multaneously refined the structural parameters to fit both
raw CTR data set~measured at 10 keV! and the intensity
ratio I 8779 eV/I 8974 eV. This method increases the sensitivi
of the fitting procedure to the Cu layer as changes in the
atomic form factor are known from calculations of the d
persion corrections.36 We previously used this method to d
termine accurately the Cu coverage during Cu UPD o
Pt~111! in the presence of sulfate anions.37

CTR data taken with the potential held at20.13 V, where
the c(232) structure was present, is shown in the low
panels of Fig. 4. Comparison of these data with Fig. 2 sho
that the increased thickness of the adsorbed structure lea
the oscillation in between the bulk Bragg reflections~this is
most noticeable in betweenl 50 and l 52 on the specular
CTR!. The top panels in Fig. 4 show the ratio data s
I 8779 eV/I 8974 eV, which clearly indicates the sensitivity of th
CTR measurements to the Cu adlayer. The solid lines in
4 correspond to the results of a simultaneous fit to these
sets in which the Cu coverageuCu, Pt-Cu spacingdPt-Cu,
coverage of Br in ac(232) adlayer, i.e., two Br atoms pe
c(232) unit celluBr, Cu-Br spacingdCu-Br, and the Cu and
Br roughnesses were varied. The results are listed in Tabl
A schematic of the structure is shown in Fig. 5. Althou
measurement of the (1,0,l ) CTR does not rule out the poss
to
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II.

bility of adsorption into twofold bridge sites, this is unlikel
because of the derived bond lengths~see Table II!. Also, Fig.
6 shows the measured (1,1,l ) CTR together with calculated
profiles using the parameters in Table II for the Cu-Br ov
layer structure being adsorbed at Pt twofold bridge s
~dashed line! and fourfold hollow sites~solid line!. Clearly,
this supports the assignment of the fourfold hollow site.

Although the presence of Br anions considerably slo
the kinetics of ordering, at negative potential (20.13 V) a
complete pseudomorphicp(131) Cu monolayer is formed
on the Pt~001! surface. When this monolayer is complete
Br forms ac(232) overlayer on top of the Cu monolaye
The Cu-Br spacing implies that, as was the case for the P
bond for Br adsorption onto Pt~001!,33 the metal-halide bond
is covalent in nature. The near-neighbor spacing in the
adlayer is 3.92 Å, which is similar to the near-neighbor sp
ing of Br adsorbed onto Pt~111! at positive electrode
potential.38 The Br coverage on the pseudomorphic C
monolayer is nearly identical to the coverage measured

FIG. 4. ~Lower panels! the measured CTR’s at an electrod
potential of 20.13 V in 0.1-M HClO411023-M Cu2111022-M
KBr, where thec(232) structure is present.~Upper panels! the
ratio between CTR data sets taken with incident x-ray photon e
gies of 8779 and 8974 eV, i.e.,I 8779eV/I 8974eV. The solid lines are
results of a simultaneous fit to all of the data according to
structural model which is schematically illustrated in Fig. 5, and
parameters listed in Table II.

TABLE II. Structural parameters to the fit to the data in Fig.
The coveragesuCu anduBr , are with respect to a full copper mono
layer ~one Cu atom per surface Pt atom! and a full c(232) Br
adlayer~0.5 Br atoms per surface Pt atom!.

uCu 1.0 6 0.06
dPt-Cu 1.75 6 0.05 Å
sCu 0.13 6 0.05 Å

uBr@c(232)# 0.9 6 0.1
dCu-Br 1.79 6 0.08 Å
sBr 0.3 6 0.2 Å
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the Pt surface at positive potential, and implies that close
a full Br monolayer remains on the electrode surface dur
Cu UPD. It is interesting that the bromide layer forms
structure with long-range order on the Cu monolayer and
on the Pt~001! surface in a solution free of Cu.33

IV. DISCUSSION

In pure perchloric acid, Cu is deposited asp(131) is-
lands on the Pt~001! surface. The islands probably nuclea
at step edges. Due to the size of the Cu adatom, adsorpti
step edges can occur at the overcoordinated fourfold ho
Pt sites, which then nucleates growth as a pseudomor
adlayer due to the mobility of the Cu adatom on the Pt t
race and the Cu-Cu interaction. A similar mechanism of

FIG. 5. Top and side view representations of the proposedc(2
32) structure observed at20.13 V. The open circles are Pt sub
strate atoms, the shaded circles are Cu atoms, and the black c
are Br atoms which form thec(232) structure. The side view
indicates the surface normal spacings listed in Table II that
derived from the CTR measurements shown in Fig. 4.

FIG. 6. The (1,1,l ) CTR measured at20.13 V, where thec(2
32) structure was present. The dashed line and solid line are
culated from the parameters in Table II for the Cu Br-c(232)
structure, being anchored at Pt twofold bridge sites and Pt four
hollow sites, respectively.
to
g

ot

at
w
ic
-
u

growth on Pt~001! was observed in UHV deposition studies39

and in anex situLEED study of Cu UPD.32

When bromide is adsorbed onto Pt~001! in the solution
free of Cu21, no structure with long-range order i
observed,29,33 in contrast to the ordered hexagonal incom
mensurate structures observed on Pt~111!.38,40The size of the
Br adatoms~they are completely discharged33!, the symme-
tries of the orbitals participating in the covalent bond, a
the differences in both the symmetries and corrugation of
two substrates, are all contributing factors. Preferential
sorption at step sites may also be responsible for the sh
range order in the Br adlayer.

In the solution containing Cu21 and Br2, at potentials
positive of;0.4 V, the Pt surface is covered with adsorb
Br to the same coverage as in the solution free of Cu21. As
the electrode potential is swept negatively from 0.4 V, th
is a increasing thermodynamic driving force for Cu catio
to displace the adsorbed Br from the Pt adsorption si
While the details of charge transfer and Cu-Br place
change remain unknown, it is established that on Pt~111! this
is a two-stage process with the formation of a Cu-Br bilay
intermediate phase. On Pt~001!, in the intermediate potentia
range~0.1–0.4 V! of submonolayer Cu coverage, we cou
determine only that a mixture of Cu and Br atoms is pres
on the Pt~001! surface in a disordered structure. Presuma
the strong affinity of adsorbates for the Pt fourfold hollo
site prevents the formation of a long-range ordered bila
phase@for example, a~001! plane of Cu(I )Br# as adsorbate
mobility is reduced on the~001! substrate.

As with Pt~111!, we propose that the Br remains adsorb
on the electrode throughout the deposition process, ha
essentially the same coverage~possibly even slightly higher!
on the Cu monolayer as on the Cu-free Pt~001! surface~at
positive potentials!. In contrast to the Pt~111! surface, how-
ever, where no ordered Br structures on top of the Cu mo
layer were observed, the Br forms a commensurate overla
structure, ac(232)-Br adlattice on thep(131)-Cu lattice
~Fig. 5!. The simplest explanation we can offer for this d
ference in ordering can be seen in the structural model
Fig. 5. The fourfold hollow sites are deeper~by ;0.1 Å! in
the (001)-p(131)-Cu structure than the threefold hollo
sites in the P(111)-p(131)-Cu structure, meaning that th
Br adatoms would sit in deeper potential wells on t
(001)-p(131)-Cu surface. This favors the formation of
commensuratec(232) phase. In addition to the surface co
rugation factor, there are also differences in Pt-Cu-Br che
cal bonding between the two symmetries that may be e
more important. The effective radii of Cu and Br in the stru
ture in Fig. 5 can be calculated from the interplanar spaci
in Table II, 1.24 and 1.35 Å, respectively. Since the coval
radius of Br is 1.14 Å, and the atomic radius of bulk Cu
1.28 Å, the experimental radii indicate strong bonding w
some ionic character, e.g., Cu1d–Br2d. The symmetries of
the orbitals participating in this bonding may favor orderi
in the square lattice of the~001! surface, and not the hexago
nal lattice of the~111! surface.

Finally, we note that our results have interesting con
quences for the metal multilayer growth regime, in particu
with regard to the presence of the adsorbed Br adlayer.
presence of other adsorbing species in the solution, and
fact that these species are influenced by the strong ele
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field at the interface, are the major differences between U
studies of metal deposition and electrodeposition. T
mechanism by which the adsorbed Br monolayer remains
or near, the interface during deposition of a Cu monolaye
unique to the electrochemical environment. Taking this
stage further, and given the strong nature of the Cu-Br in
action, it is evident that the bromide layer participates in
early stages of multilayer Cu deposition, and may act a
kind of surfactant in the epitaxial growth. Indeed, thec(2
32) Br adlayer remained on the surface as the potential
decreased to the onset of bulk Cu deposition. In these s
tions, however, the kinetics of bulk Cu deposition we
rather fast and, although some differences were observed
tween multilayer Cu deposition in pure perchloric acid and
the presence of bromide, it was difficult to quantify th
i-
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changes.41 Further experiments are in progress to study
multilayer growth mechanism.
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