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7 A dramatic multilayer substrate relaxation is observed for {ti#9x +/19)-13CO adlayer phase on a Pt(111)
8 electrode by surface X-ray scattering. Within thé19x+/19) unit cell, a vertical expansion of 0.28 A was
9 determined for the Pt atoms under near-top-site CO molecules, whereas only 0.04 A was found under near-
10 bridge-site CO molecules. The lateral displacements involve small rotations toward more symmetric bonding.
11 Both the expansions and rotations extend into the bulk with a decay length of 1.8 Pt layers. This nonuniform
12 layer expansion, hitherto unseen, appears to be a manifestation of the differential stress induced by CO
13 adsorption at different sites.
14 Rich structural behavior involving surface relaxation (dis- we used a hexagonal coordination system to index the Pt(141l)
15 placements from bulk lattice sites) or reconstruction (changes crystal, in whichq = (a*, b*, c¢*)-(H, K, L), wherea* = b* = 52
16 of the in-plane unit cell) has been found on a number of 47//3a, ¢ = 27/+/6a, anda = 2.775 A. A 2x 2-mm detector 53
17 substrates, under the influence of adsorption and other envi-slit was located 650 mm from the sample. The incident slits
18 ronmental factors. On metals, surface electron density plays awere adjusted during the measurements to maintain thessl-
19 major role in determining surface reconstruction, relaxation, and luminated area within the borders of the crystal. The intensitiss
20 stress.~3 On semiconductors, the displacements of surface atomsat each , K, L) position were determined by integrating the7
21 are more often driven by the predisposition to specific bonding 6-rocking curve and then corrected for the Lorentz factor, actise
22 geometry! In this Letter we report a nonuniform layer expansion sample area, and change of the resolution function. The intensity
23 of the Pt(111) electrode surface induced by thl9x+/19)- data are customarily plotted along “rods” as a function of tlee
24 13CO adlayer, presumably due to the localized charge in the continuous variablé with fixed H andK values. The scaling 61
25 molecule-metal bonds that varies with adsorption site. constant used for all the rods was determined by making these
26 In recent years, scanning tunneling microscopy (STM) has at (0,0), (1,0), (0,1), and (1,1) positions measured at open ciresit
27 revealed the phase behavior of the CO adsorption on Pt(111)in nitrogen-saturated solution comparable with the calculagd
28 at both electrochemicaind gas/soliflinterfaces. In both cases, curves for a nearly ideally terminated Pt(111). Good agreemessts
29 a high-order commensurate/19x+/19) unit cell containing between measured and calculated rods showed that in ethe
30 13 CO molecules was observed. The notable differences inabsence of CO the Pt(111) electrode is free from reconstructiem,
31 height between the CO molecules at different adsorption sitesrelaxation, and surface roughness. 68
32 were attributed to the differences in €@t spacing, not to any Figure 1 shows two distinct ways of forming @19x+/19)- 69
33 substrate relaxation. Surface X-ray scattering techniques, which13CO superlattice structure: they differ by the rotation angie
34 offer the necessary penetration for studying subsurface, havebetween the lattice axes of the close-packed CO adlayer and
35 been employed in studies of CO adsorption on metal surfacessubstrate. With all the CO molecules at the uniformly spacex
36 at both gas/solitland solution/electrode interfacédn the lattice sites, both structures can have 1 top-site, 6 near-top-gsie,
37 present study, we discovered a new type of substrate relaxationand 6 near-bridge-site CO molecules. The “patch”/“ring” model
38 viz., a profound multilayer surface relaxation with nonuniform in the top/bottom of the left panel of Figure 1 has six near-tog/
39 layer expansion. Its physical origin has implications for a better bridge-site CO molecules surrounding the top-site CO, respac-
40 understanding of CO adsorption energetics, which have beentively. The two models are distinguishable by the location of
41 intensively studied by density functional theory (DFT) and the CO diffraction peaks. The observed pattern, shown by tise
42 various experimental techniqués. red circles in the right panel, has the first-order peaks 9.52
43 The Pt(111) crystal was prepared by flame annealing and from the H and K axes and thus corresponds to the “patclsd
44 cooling in Ar/H, mixed-gas flow until a drop of electrolyte could  model, consistent with the STM restiifsand that observed bysi1
45 be placed on its surface to prevent direct contact with air. The a recent surface X-ray diffraction stuéfThe typicalgp rocking s2
46 electrochemical cell was sealed by an X-ray window film, which curve has a peak width around 8.bnly slightly larger than s3
47 allows CO gas to diffuse from an outer chamber into the solution the peak width of 0.07at (0, 1, 0.12), indicating that the domaiis4
48 (either 0.05 M HSQ, or 0.1 M HCIQy). X-ray measurements  size is large and the “patch” structure is highly preferregk
49 were taken using focused X-rays€ 1.2 A) at beam linex22A However, its energetic advantage is not easy to understand
50 at the National Synchrotron Light Source. Following convention, without invoking a stabilizing role of the substrate. 87

T Materials Science Department, Brookhaven National Laboratory. A.d.dltlonal diffraction peaks \.Nere observgd at some .allowegj

t University of lllinois at Urbana-Champaign. positions of the {/19x+/19) unit cell, especially strong in thess

8 Physics Department, Brookhaven National Laboratory. satellites immediately surrounding the integer positions. This
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Letters

Figure 1. Left panel: Distinct superstructures for the/19x+/19)-

13CO monolayer on Pt(111). Open (solid) small circles represent the
CO in nearly bridge (top) sites. The one in the top panel, named “patch”
model, is the one observed, not the “ring” model in the bottom panel.
Right panel: In-plane diffraction pattern corresponding to &3« +/19)

unit cell (green cross). Red circles denote the primary positions of the
CO contributions. Blue plus symbols denote the positions of the strong
surface relaxation peaks. Labels correspond to the panels of Figure 3

Figure 3. Structural model of the Pt(111) surface relaxation induced
by the (/19x+/19)-13CO phase. Small solid and open circles represent
‘the CO molecules in nearly top and bridge sites, respectively. Large
circles in different colors represent the Pt atoms in three groups with

0.8

1.6 different rotation centers. The “side view” is not a projection, but a
0.6 simplified picture to illustrate schematically the grouping and layer
0.4 expansion. The top layer expansions of 0.28 and 0.04 A from the lattice
Fﬁ.g 12 positions are amplified 4-fold for visibility.
, .
g gg multilayer subsurface relaxation because oscillations in rads
— occur when more than one layer contributes and more layers
2“0'4 038 cause sharper peaksNeither these distinctive features nor thei1
g U'S . high-intensity level can be produced by any CO displacements
=08 from ideal lattice sites. 113
0.6 0.4 On the basis of these observations, we constructed a thiee-
0.4 dimensional structural model that includes 13 CO moleculas
0.2 and 114 Pt atoms in six layers of 19 atoms each. The in-plane
0 g__ 0 positions of the vertically oriented CO molecules (oxygen7

01234560123456 01234567 terminated) were fixed at the adlayer lattice sites using a 1118

L (unit of c*) L (unit of c*) A CO bond length. The P{C layer spacing was found to bet19
Figure 2. Left panel: Six measured rods (circles) shown in (a) to (f) 1.85 and 1.45 A for the 7 COs at on/near top sites and the26
correspond to the rods surrounding (1, 0) labeled by ia Figure 1. COs at the near-bridge sites, respectively, consistent with the
The triangles in (c) and (d) (offset graxes) are the measured ¢ and  published dat&?2 Figure 3 (top view) shows how the 19 Pt atome2
d rods near (0, 2). The solid (black) and dashed (red) lines are the bestin the top-layer of the{/19x+/19) unit cell are grouped into a123

fits and that with the vertical displacements excluded, respectively. The
dotted (green) line in (a) shows the intensity from the CO molecules.
Right panel: The (1, ®)(blue square), (0,b)(red triangles), and (0,0)-

b’ rods. Solid lines are the best fit®{ — D1, = 0.24 A andr, = 1.8).
Inset: Relative displacement amplitude for layer

motif that contains 7 Pt atoms in a centered-hexagon and 1222t
atoms that are split between two triangular regions. Within each
group, the Pt atoms are allowed to expand/contract laterally apel
to rotate around their center. Along the surface-normal directiogy,

the displacements of the topmost Pt atoms are controllediby
pattern, shown in Figure 1 (right panel), is similar to those two parametersD; for the 7 Pt atoms under the 7 on/near tog9
observed from surface reconstructidaad suggests significant  site CO molecules an®;, for the 12 Pt atoms under the 630
displacements of the Pt substrate atoms. When the potential wasear-bridge site CO molecules. For the underlying layers, tize
varied, these diffraction peaks rose and fell in synchrony with Pt atoms are assigned to either a centered-hexagon or a triangsdar
the formation of the/19x+/19)-13CO phase. At 0.8 V versus  region based on the ABC stacking sequence. This featurasis
a reversible hydrogen electrode, where measured X-ray intensi-illustrated schematically by the simplified “side view” showms4
ties were stable with time, we measured 31 independentin Figure 3. The Pt displacements from their ideal positionsiss
noninteger rods, including one satellite near the origin and six the next 5 underlying layers are assumed to follow a simpks
satellites around each of the five low-integer index positions. exponential decay function with characteristic depthsand 137
The intensity measured from the mirror-equivalent domain was 7y, €.9., for thenth layerD7(n) = D7 exp(—(n — 1)/z,). 138
slightly weaker {-85%), so averaged intensities were used for ~ The increase in intensities at largerin all the noninteger 139
the noninteger rods. As shown in Figure 2 (left panel), two rather rods, shown in Figure 2, manifests the differences in the vertical
sharp peaks were centeredlat= 1 and 4 in all six satellite displacements of the Pt atoms because the intensities originated
rods in the vicinity of (1, 0). Similar peaks were found in all from any in-plane displacements do not increase with increasiag
other noninteger rods, where they are centerdd=at2 and 5 L, and further, a uniform layer expansion/contraction has 3
for the rods near (0, 1) and (2, 0), andLat 3 and 6 for the effect on these noninteger rods. The right panel of Figurei
rods near (0, 0) and (1, 1) following the Bragg positions of the displays the three satellite rods with the lowest in-plane vectoss
neighboring integer rods. These features clearly indicate athat have peaks at differebtfrom 1 to 6. The best fits to thesei46



BATCH: jpla212 USER: eap69 DIV: @xyv04/datal/CLS_pj/GRP_jp/JOB_i01/DIV_jp045082i DATE: December 2, 2004

Letters PAGE EST: 3 J. Phys. Chem.

second- and third-order CO peaks. This finding is not surprising
because the reported value for CO on Pd(3®® 0.45 A. 193
Because good fits were obtained for all the rods without laterad
expansion, we conclude that the in-plane relaxation involves
only small rotations toward more symmetric €Bt bonds. 196
To rationalize the observed subsurface relaxation, we noie
that a crucial role is played by the nonuniform stress created
by the adsorption of CO. Using ab initio cluster modék® 199
analyze the bonding mechanism for CO adsorption on Pt(11b),
the net charge transfers due to excess electron back-donation
from Pt to CO were found to be 0.240 and—0.214 electron 202
for a CO molecule adsorbed on the top and at the bridge sites,
. . . . respectively. Because there is one Pt atom per CO for the ma/
2353456 012 4 56 near top sites and two for the near-bridge sites (see the madel
L (unit of C*) in Figure 1 or 3), the partial pos[tive charge on Pt would hes
Figure 4. Integer rods measured for the/19x~/19)-13CO/Pt(111) 0.240 and 0.107 per at(_)m,_respec_tlvely. Because these “charges
phase. The dotted and dashed lines are the curves measured for ideall§lre due to_ the polarization in localized €6t bonds, they reSL_IIt208
terminated Pt(111) in the absence of CO. The solid lines are the bestin honuniform stress that closely follows the adsorptiones

Intensit

4

fits with D7 = 0.28,D1, = 0.04 A, andr, = 1.8 layers. geometry-specific pattern. The energy advantage for having
near-top-site COs surrounding the top-site COs in the “patchi
147 rods yieldD; — Dy, = 0.24+ 0.03 A with7, = 1.8 + 0.3 model becomes apparent because these Pt atoms can expand to
148 layers. Note that these values were determined with the scalingthe same height with fewer lattice mismatch boundaries than
149 factor constrained by the intensities measured for the crystalin the “ring” model where they are separated by the near-bridges
150 truncation rods as described earlier in the Experimental Section.site CO molecules. Furthermore, the “patch” structure is mane
151 The uncertainties given are due to the coupling of the two favorable for the extension of relaxation into deeper layerss
152 parameters, i.e., a small decrease in the splitting of the top layer,when the layers are split, in-plane rotation can occur with less
153 D7 — D1, can be compensated by a small increase of the depthmismatch resistance at the boundaries. Collectively, the mub
154 of the relaxed layers. The root-mean-square (rms) displacementijlayer relaxation occurs, which, in turn, makes the “patchis
155 amplitudes in DebyeWaller factor for the Pt surface layers, |attice structure preferred over the “ring” structure. 220
156 0wy and o, were both 0.09t 0.1 A, only slightly larger than In conclusion, a new type of substrate relaxation was reveated
157 that of the bulk Pt crystal (0.08 A). Fay, = 1.8, as shown in  py the surface X-ray scattering study of CO adsorption on Bis
158 the insert of Figure 2 (right panel), the displacements for the (111), in which different layer expansions and in-plane rotatiores
159 third and sixth layers dropped to 33 and 6% of those for the gccur for the Pt atoms under the near-top-site and the neas-
160 top layer, respectively. bridge-site CO molecules. This observation demonstrates that
161 The crystal truncation rods at low integer positions were sybsurface atoms can move collectively forming a pattern ogee
162 measured to determine the absolute value®phnd D1 in nanometer scale determined by the unit cell of an adlayeraat
163 relation to the normal position of the lattice. As shown in Figure also provides a possible explanation for why only one of tbes
164 4, the intensities rise and fall at the lower and higher sides of two geometrically allowedy(19x +/19)-13CO adlayer structures2o
165 the Bragg positions, compared with an ideally terminated Pt(111) forms. 230
166 surface in the absence of CO. These changes indicate that the . .
167 overall vertical displacement is expansion. The best fits yield ~Acknowledgment. This work is supported by U.S. Depart231
168 D; = 0.28 A, D12 = 0.04 A, 7, = 1.8, ands, = g5y = 0.09 A, ment of Energy, Divisions of Chemical and Material Sciencesz
169 Consistent W|th the results Of nonlnteger rodS_ Under.the Conll'aC'[ NO DE'ACOZ'98CH10886 and at the 532
170 In fine-tuning the fits for all the noninteger rods, small in- Materials Research Laboratory under Contract No. DE-FG@24
171 plane rotations had to be made to produce the observed peak§1ER45439. 235
172 at smallL and large in-plane vectors, where the intensities are References and Notes 236
173 most sensitive to m-_plane dlsplacem_ents. _Two representative (1) Fu, C. L.: Ho, K. M.Phys. Re. Lett 1989 63, 1617. 937
174 peaks are shown in Figures 2c,d. The intensity contribution from (5} wang, J.; Davenport, A. J.: Isaacs, H. S.; Ocko, B.3dience 238
175 the in-plane rotations shown by the red dashed lines is nearly 1992 255 1416. 239
176 the same as that including both in-plane and vertical displace- (i) gaiss,tW-Reg- chogn-1 Pf;yfﬁol 25, n?r?wllaool 157 143 gig
H H v V . . . .
177 ments shown by the black sollocI, lines for the two rods near (0, gS; Vmezz: |a Weavce’r’ ‘K/‘I{ . éf]emf’ Ph;sl994 101, 1648, o4
178 2). The fitting analysis gives &1° rotation (clockwise) for the (6) Vestergaard, E. K.: Thostrup, P.; An, T.: Lagsgaard, E.: Stensgaard,
179 Pt atoms in the hexagon under the near-top-site COs aritf a I.; Hammer, B.; Besenbacher Phys. Re. Lett. 2002 88, 259601. 244
180 rotation (counterclockwise) for those in the two triangles under 199((57234&1%8;3 R.; Robinson, I. K.; Kuhnke K.; Kern, Rhys. Re. B 322
181 the near-bndge-sne CO_S with thg, fixed at 1.8 (S.Olld Imgs). 8) Ilucas, C. A.; Markovic, N. M.; Ross, P. urf. Sci 1999 425 247
182 The uncertainty of:0.3’ is related to the uncertainty a%, in L381. 248
183 a small range similar to the case fgrdiscussed earlier. Last, (9) Feibelman, P. J.; Hammer, B.; Norskov, J. K.; Wagner, F.; Schefflt9
184 the “a” type rods (see Figure 1) were analyzed to determine M.; Stumpf, R.; Watwe, R.; Dumesic, J. Phys. Chem. B001, 105 4018. 250
185 the CO-Pt spacing (values given in the earlier discussion on H %&Jgé?:;he;ﬁg gX{i;dMsigff I'Le/}(;)oTzl;(%ChlzuzkéA' Vi Y S Yougg;
186 the model) and rms amplitudes of the CO adlayer. The dotted "~ (11) wang, J. X.; Robinson, I. K.; Adzic, R. FSurf. Sci 1998 412/ 253
187 green line in Figure 2a shows the intensity contribution from 413 374. 254
188 the CO adlayer. The lateral rms amplitude for CO was found  (12) Lynch M.; Hu, P.Surf. Sci200Q 458 1. _ 255
19 rather largeg, = 0.3 0.1 A, compared with, =010, (19 Rebinsony | Feter, o, Tanelas, X harer S,
190 A along the surface-normal direction. The largg value is (14) Curulla, D.; Clotet, A.; Ricart, J. M.. lllas, F. Phys. Chem. B 258

191 consistent with that determined from the intensity ratio for the 1999 103 5246. 259



