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Diffusion of CO on Pt(111) studied by an optical diffraction method
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We have measured the diffusion of CO on flat and steppédl Btsurfaces using the linear optical diffrac-
tion method from an adsorbate grating. Measurements over a wide range of tempéi88+%13 K and CO
coverageg0.1-0.67 ML indicate Arrhenius behavior with diffusion activation energies of 3.0-4.7 kcal/mol
and 7.3-7.9 kcal/mol for flat and stepped surfaces, respectively. Comparisons of our measurements on flat and
stepped(defected surfaces with previous experiments by various groups using various techniques resolves
several discrepancies and illustrates the importance of defect-induced effects on variations in measured diffu-
sion parameter§S0163-1828)09631-3

I. INTRODUCTION was first dosed on one side of the field emitter and then the

advancing edge of CO was monitored by the electron emis-

Surface diffusion of CO on platinum is important for in- sion patterd The emitter consisted of manv low Miller-
vestigating the mechanisms of CO hydrogenation in the syn- P ' y

. . P —? index facets and diffusion reflects a properties of the facets
thetic fuel industry and of CO oxidation in the automotive e .
) : rather than diffusion over a single-crystal surface. In LITD, a
industry, where Pt is used as a catalyst. To map out th

potential energy surface for CO(RL1), extensive studies %CONO coverage “hole” was first created by a few laser

. ) : : . : - _pulses at high power on a uniformly dosed single-crystal
using various techniques involving adsorption, desorptlonsurface and the refilling rate of the hole was subsequently

and diffusion have been made. While the CO adsorption effyaa5red. Other than the possible damage induced by the
ergies at the top and bridge sites are now reasonably wellser hylises, the surface was well characterized with low step
understood; 2 the energies at the saddle points of the d'ffu'density(<0.25° miscut In HREELS® CO was uniformly
sion paths remain an open question. In past years, CO diffijosed over a strip area on a single-crystal surface followed
sion on Pt111 has been measured by a number of techyyy measuring the CO coverage as a function of position on
niques including field emissionlFE) shadowing in the the surface by electron-energy-loss spectroscopy. Because of
1960’s; helium scattering and time-resolved infrared ab- the low spatial resolutio{~0.3 mm), the measurements
sorption spectroscofy(IRAS) in the 1980's, and laser- were carried out only at high temperatures where desorption
induced thermal desorptién(LITD) and high-resolution has to be taken into account. While FE, LITD, and HREELS
electron-energy-loss spectroscBgREELS in the 1990's. require an initial coverage gradient, He scattering and IRAS
Despite the work done using five different techniques ovemre technigues that required no initial coverage gradient. Dif-
three decades, there are still no definitive values for the diffusion measurements for the latter group relied on &yl
fusion coefficientD, the activation energ§y, and the pref-  kink) sites as CO traps on which a higher relative coverage
actor Dy. The deduced activation energies range from 4than on terraces was eventually reached due to the larger
kcal/mol to 12 kcal/mol and the extrapolated diffusion coef-binding energies. In the He-scattering metfidtle decrease
ficients can differ by more than four orders of magnitude atof CO population at terrace sites via diffusion to defect sites
some temperatures. It is therefore critical to determine thevas measured by the intensity increase of the coherent
correct values oD, Ey, andD, and to account for these specular helium beam. In order to obtain enough traps for
serious discrepancies. CO, pits with step and kink sites at their perimeters were
Figure 1 summarizes the results of previous diffusioncreated by ion sputtering a well-ordered surface. In IRAS,
measurement¢dashed linesand compares them with our the diffusion was measured by monitoring the population
results(data pointg which are to be presented in this paper.evolution of CO at terrace and step sites from an initially
Previous measurements were obtained either at high tenuniform CO dose via the intensities of the respective IR ab-
peratureg>300 K) or at low temperature6<200 K). One  sorption modes. A stepped surface was necessary to provide
may suspect that themperature differenceight be a cause the traps. How the purposely created defects—pits in He
of the discrepancies since it is unknown whether simplescattering and steps in IRAS—and the unintentionally intro-
Arrhenius law would be valid over a wide temperatureduced defects—facet boundaries in FE shadowing and laser-
range’ As also indicated in Fig. 1, the CO coverages used irinduced damage in LITD—contribute to the discrepancy of
these experiments are very different, ranging from very lowthe diffusion data remains to be evaluated.
(0co<0.025 ML, where 1 ML corresponds to one CO per In view of the above conjectures, we have employed a
Pt(111) surface atom andg is the CO coverageto high  recently developed method, optical diffraction off an adsor-
(0co~0.5ML). An apparent discrepancy can arise if CO bate coverage gratind,to measure the surface diffusion for
diffusion is stronglycoverage dependent the CO/P{111) system. Unlike some of the previous tech-
A third possible cause for a discrepancy involeesfects niques, namely, He scattering, IRAS, and HREELS, which
in the surface of the samples used. For example, in FE, C@ely on modeling the detailed kinetic processes for deduction
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T(K) on Pt111) surfaces with and without a miscut over a wide
500 300 200 150 125 100 a5 temperature range from 133 to 313 K for a wide range of
10° y y - y - T coverages from 0.1 to 0.67 ML. Then, we will discuss what
04 | ' HREELS effects temperature, coverage, and step defects can have in
* (6=0.25) causing discrepancies between previous measurements. Fi-
105 | nally, the significance of our results for understanding of the
potential energy surface of CO(RL1) and the CO-CO in-
10° teraction will be discussed.
107
8 el ~ wum Il. EXPERIMENTS AND RESULTS
NE 100 (6=006710027) We have employed the linear optical diffraction technique
= 1 to measure the surface diffusion coefficient. The technique
3 qo0 | has been described in detail elsewh€reélere, we summa-
§ . rize only the key points of the technique. First, a uniform
SH0ME e layer with a prescribed coverage of CO is deposited on the
§ ol (6=0.5)+ . . Pt(111) surface. Then, a one-dimensional grating of adsor-
£ ’ . bates is created by LITD using the interference pattern of
10k * . Ti('g_eofg%fj"\;z% 'oﬂgs) two laser beams split from a Nd:YAG pulsed lagki06 um,
(esnfaE" out . N ' 10 n9. A shallow coverage modulation, typically with
10 E " unknown) . . A6co~0.02 ML, is thereby created. Within this coverage
105 | He Scattering . . modulation range, the diffusion coefficieDt can be treated
(6=0.025) .. as a constant, i.e., there is a negligible coverage dependence.
106 L .. The modulation is obtained by properly adjusting the inten-
. sities of the two interfering laser beams such th@ 02 ML
1077k . : . . CO is desorbed from the maximum laser intensity regions
2 4 6 8 10 12 and no CO is desorbed from the minimum intensity regions.
1000/T (K™) As determined by the laser interference pattern, the grating

. e spacing was=4.4 um in the present experiment.
FIG. 1. Summary of previous CO diffusion resuiiefs. 4-8 The evolution of the adsorbate grating could be detected
on Pt11) plotted as dashed lines in the relevant temperatureoy linear diffraction of a He-Ne laser beam with polarization

ranges of the measurements. Data from the present stud in? . o
g P Y ar® odulation. As the adsorbate grating is smeared out by sur-

cluded as data points for comparison. The circles are the dh‘fusio?aCe diffusion, the first-order diffraction signal exhibits an

data on a<0.1° miscut surface afo~0.1 ML and the triangles A S - - . -
are the data for diffusion perpendicular to steps on a 2° miscu?)_(ponentlal de_ca_l)_/ in time by solving tth‘ _dlffu5|on equation
with the given initial and boundary conditidfi:

sample atf-o~0.3 ML.

of the diffusion coefficient, the optical diffraction technique S(t)=S(0)exp(—t/7), with 7=s%/87%D, (€h)
is model free. In this technique, an initial coverage gradient
is created in the form of a periodic grating and its decay isvhereD is the chemical diffusion coefficient arglis the
measured by the time dependence of the first-order diffracgrating period. Note that the decay timelepends o> and
tion signal. The decay time of the first-order diffraction sig- s but not on the detailed shape of the grating, which only
nal can be related to the diffusion coefficiddtby solving  affects the absolute signal streng8{0). In the present
the diffusion equatioryé/dt=Dd?6/x? even without the study,D was measured as a function of substrate temperature
need to know the details of the coverage modulation as longnd adsorbate coverage.
asD remains constant in the relevant coverage rdfigénis The experiment was performed with the sample situated
technique possesses a number of other advantages includiifigan ultrahigh vacuuniUHV) chamber with a base pressure
a large dynamic rang€,sensitivity at low adsorbate cover- of 2.0 10 °torr. Two mechanically polished @tL1)
ages, and capability for directional diffusion single crystals were used. One was cut to within 0.1° of the
measurement¥. It enables us to measure diffusion over a(111) plane; the other was cut 2° off th@11) plane, which
wide temperature range, in particular, to fill the temperaturgprovides steps along thi&12] direction, the same as used in
gap from 200 to 300 K, and over a large coverage range tthe previous IRAS experimeftSample cleaning was per-
examine the effects of CO-CO interactions on diffusion andformed by extensive cycles of Arsputtering, oxygen treat-
the coverage dependence. Furthermore, we can study the @fent at 1000 K, and high-temperature annealing at 1200 K.
fects of step defects on diffusion by performing measureRoutine cleaning procedure of the Pt surface wa$ #put-
ments on well-characterized stepped surfaces. Since the pering the surface at room temperature for 30 min followed
riod of the coverage grating is on the micron scale so ity annealing at 1200 K for 2—5 min. Auger spectra showed
contains many steps, step effects can appear in our measure detectable impurities. Observation of a sharp () low-
ments if they are importadf By aligning the one- energy electron diffractioflLEED) pattern from a clean
dimensional adsorbate grating parallel or perpendicular t®t111) surface and &(4x2) pattern from 0.50 ML CO on
the steps, diffusion anisotropy can be measured. Pt(111) ensured that the surface was well ordetetihe

In this paper, we first present our results of CO diffusionsample temperature was controlled by electron beam heating



PRB 58 DIFFUSION OF CO ON Ril11) STUDIED BY AN. .. 4979

330 250 200 175 150 125

1010 E

Normalized diffraction signal

10-11 L

Diffusion coefficient (cm?/s)

0 200 400 600 800 1012

Time (sec.) L L
3 4 5 6 7 8
FIG. 2. Representative data of the first-order diffraction signal 1000/T (K™)

versus time for CO diffusion on &0.1° miscut surface abcq

~0.5 ML for temperatures of 150, 170, 190, and 230 K. The solid
lines are single exponential fits by Ed). FIG. 3. Arrhenius plots of the diffusion coefficieDtfor CO on

Pt111) for CO coverages from 0.1 to 0.67 ML as indicated.

and liquid-nitrogen cooling to withint1 K, and monitored _ o
by a K-type thermocouple spot welded at the side of thethe coverage increases from 0.1 fco 0.5 ML. The_ diffusion
samples. coefficient at a given temperature is observed to increase as

For diffusion measurement, the(Pt1) surface was first the coverage increases except #yo=0.1 ML. When the
dosed with CO at 190 K to the desired coverage by backfillcoverage is increased to 0.67 ML, a significant decrease of
ing the chamber through a leak valve. Coverages were coffhe activation energy to 3.0 kcal/mol is obtained with signifi-
trolled by exposure whose correspondifig, was evaluated Cant increase in the diffusion coefficient. _ _
from the thermal desorption spectfEDS), with the absolute CO diffusion on the 2° miscut Pt11) surface in the di-
calibration performed at 0.5 ML for the(4x 2) CO super- "€ction perpendicular to the steps was measuredofgy
structure(exposure~2 L, 1 L=10%torr sec). The 0.67 ML 0.3 and 0.5 ML by aligning the grating parallel to the
coverage was achieved only by a large CO expo§t#200 steps. The deduced diffusion activation energies and prefac-
L). The sample temperature was subsequently raised or lowors for the_se cases are also listed m_TabIe I. For t_he purpose
ered to the diffusion temperature before creating the cc®f comparison with the results obtained by previous mea-
grating by laser desorption. Once the grating was formed, thdurementsas discussed belgywe have plotted the present
first-order diffraction signal from the grating was measuredr€sults as data points for diffusion on a stepped surface at
as a function of time as discussed earlier. Diffusion measurefco~0-3 ML and on a terrac¢<0.1° miscut surfageat
ments were obtained between 133 and 313 K, with the lowefco™0-1 ML in Fig. 1. Itis clear that diffusion perpendicu-
temperature limited by the longest diffusion time -e2000 lar to the steps is significantly slower t_han_that on a terrace,
sec and the higher temperature limited by the shortest diffupartlcglarly at low temperatures. The dl_ffu5|on activation en-
sion time,~1 sec, or by thermal desorption. We kepti80 ~ €rgy is then substantially larger, with a value of 7.9
K below the desorption take-up temperature to avoid the<cal/mol;
influence of thermal desorption on our measurements.

Representative data of the first-order diffraction signal l1l. DISCUSSION
versus time are shown in Fig. 2. The signal-to-noise ratio for
the chosen coverage modulation is 3—5, which is sufficientto As seen in Fig. 3, CO diffusion on @tL1) follows a
deduce a reliable decay time The repeatability of the mea- simple Arrhenius law over the wide temperature range from
surements oD is over a range on the order of a factor of 2, 133 to 313 K for all the coverages measured. The diffusion
which is larger than the standard deviationrdfom fitting a  coefficient in this temperature range varies about three orders
single set of diffraction signal data. The diffusion coefficientof magnitude with no indication of conversion fromlaw
D can be calculated fromby Eq.(1). In Fig. 3, the diffusion  barrier behavior at low temperatures thigh barrier behav-
coefficients for various coverages on thke0.1° miscut ior at high temperatures. Therefore, it is unlikely that the
Pt(111) surface are depicted as a function of reciprocal temdiscrepancies in the previous measurements are caused by a
perature IT in an Arrhenius plot. Over a dynamic range of temperature effect. The coverages used in this stOdy—
about two to three orders of magnitude, the measured diffu.67 ML) overlaps those in FE shadowing, LITD, and
sion coefficients fit by an Arrhenius relationD HREELS, but not those in He scattering and IRK&How-
=Dyexp(—Ey4/kT), very well within the experimental uncer- ever, the deduced activation energies ranging from 3.9 to 4.7
tainty. The deduced diffusion activation energies and prefackcal/mol for diffusion on the<0.1° miscut surface from the
tors for all the measured coverages are given in Table I. It ipresent measurement are significantly lower than those ob-
clear that the coverage dependence below 0.5 ML is weakained from FE shadowing, LITD, and HREELS-10-12
with the activation energy decreasing slightly from 4.7 kcal/kcal/mol) despite the similar coverages. Furthermore, the
mol to 3.9 kcal/mol and the prefactor basically constant asoverage dependence is rather weak, qualitatively consistent
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TABLE |. Deduced diffusion activation energies and prefactors for CO diffusion on &6thi° miscut
surface and 2° miscut surfagdiffusion perpendicular to stepfor various coverages.

<0.1° miscut At111) 2° miscut Pg111)
fco Eq4 (kcal/mo) D, (créls) Eq4 (kcal/mo) Do (cn?/s)
0.1 4701 (1.4£0.4)x10°®
0.2 4.6:0.2 (6.9:3.0)x 1077
0.3 4.2¢0.1 (6.0:1.7)x10°7 7.9+0.3 (2.8:1.5)x10°*
0.4 4.0:0.2 (5.3£2.6)x10°7
0.5 3.9-0.2 (6.1+2.7)x1077 7.3+0.3 (2.1+1.4)x 1074
0.67 3.0:0.1 (4.5:1.0)x 1077

with the findings of LITD. With a repulsive CO-CO interac- for boundary diffusion a#co~ 0.5 ML and 14.5 kcal/mol for
tion, the diffusion activation energy is expected to decreasgoundary_free diffusion at lowunknown coverage. Since

as coverage increases, in agreement with our observationge |atter was known to be controlled by defeg®ssibly
Thus, smaller values of diffusion activation energies found aboint defecty we will consider .o~0.5 ML case only.
lower coverages by the He scatteri@025 ML) and IRAS  prom our point of view, the former case was not free of
(0.004 to 0.013 M) measurements than those found in FE jetect induced effect either. Since the experiment measured

shadowing, LITD, and HREELS measurements at highelEh d ; d f the CO | f 1) facet
coverages are inconsistent with repulsive CO-CO interac- € advancing edge of fhe ayer from (1d1) facet on

tions. Therefore. we conclude that covera one side of the emitter to th@11) facet on other side of the
. , ge dependent ef- . T
fects are not the cause of the discrepancies. emitter via the(101) facgt, diffusion over the facet boundary

It appears, then, that the cause for the large discrepancié‘%us.t pI_ay a role: In this sense, th.'s mgasu_rement was only
in the previous experiments might come from the presence 0quahta’uve since it was not measuring d|ffu5|on'over a smgle
defects. As shown in Fig. 1, our results for CO diffusion Oncrystallographlc .plar'le. The fact that they obtained a S|mllar
the <0.1° miscut surface afico~0.1 ML agree very well value of the activation energy to our step-controlled diffu-
with the results obtained by IRAS in both diffusion activa- sion indicates that the diffusion on the emitter is step domi-
tion energy and prefactor. Our results for CO diffusion per_nated. The fact that their data does not lie close to our curve
pendicular to the steps on the 2° miscut surfacedgy  Was perhaps due to their inability to measlrg exactly by
~0.3 ML, on the other hand, show a larger activation energy-E shadowing because of the ill-defined front edgeat is
(7.9 kcal/mo) close to the value obtained by He scattering. Itthe exact CO coveragg@nd possible systematic error in the
is surprising that the extrapolation of this set of data accordmagnification value of the microscope.
ing to Arrhenius law can almost match the data from He Making use of the fact that CO at defect sites contributed
scattering on the lower-temperature side and the data fromegligibly to the helium intensity of the coherent specular
LITD on the higher-temperature side, although significantbeam as compared to CO on terrace sites, the He-scattering
differences in the diffusion activation energies still exist. Themethod measured the population evolution of terrace CO
values of diffusion activation energies from FE shadowingand thus CO diffusion from the more weakly bound terrace
and HREELS are also close to that of diffusion on a steppedites to the more strongly bound defect sites via the change
surface, but the diffusion coefficients are far off of the ex-of the intensity of the specular beam. In order to create
trapolated lines. Therefore, our measurements on both “flat"enough traps for CO molecules, an ion sputtered surface with
and stepped P11) surfaces strongly suggest that the dis-a density of 18'—10' pits/cnf of perimeters of 10—100
crepancies in the previous experiments might be caused kstep- or kink sites/pi{corresponding to an interior area of
step defects. It is then worthwhile to devote a section to~7-800 atoms/pjtwere used. At the coverage of 0.025 ML
examine the possible reasons that previous experiments wetigat was used, there were only20 CO molecules inside the
affected by defects. ~800-atoms-large pit, far less than the number to fill all the
100 step/kink sites at its perimeter. For smaller pits, the ratio
of the number of CO molecules deposited in the interior of
the pit to the number of the perimeter sites became even

In this section, we will proceed in chronological order, smaller. Therefore, significant numbers of CO molecules
i.e., from FE shadowing,to helium scattering,to time-  would have to diffuse over step edges from the upper terrace
resolved IRAS to LITD,” and to HREELSRef. 8 to evalu-  to fill these step/kink sites at the perimeters of the pits. With-
ate of the possible causes of the defect-induced effects in theut separating the overstep diffusion process in the model, a
diffusion measurement. reliable terrace diffusion coefficient would be difficult to ob-

The first diffusion measurements of CO on Pt were retain. The overall diffusion parameters that were deduced
ported by Lewis and Goméusing the field emission shad- should only reflect the dominant process. That the reported
owing method. With CO dosed initially at one side of the activation energy of 7 kcal/mol and prefactor of 1.9
emitter, the diffusion was measured by following the motionx 10 °-1.9x 10~ 4 cm?/sec were close to our result of CO
of the CO advancing edge using the electron emission padiffusion perpendicular to steps on the 2° miscu¢lP1)
terns. They reported an activation energy of 10.1 kcal/mobkurface with an activation energy of 7.9 kcal/mol and pref-

A. Comments on previous experiments
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actor of 2.8<10 % cmP/sec atfco~0.3 ML (Fig. 1) indi- all the CQ. The nature of the defects induced by laser heat-

cates that the dominant process in the He-scattering measur8d has been studied by scanning tunneling microscopy.
ment is diffusion over step edges. The deviation betweerd h€y were identified as monatomic height steps along all
their and our measurements could arise from the fact(that three equivalent110 directions, resulting from slip along
the step effect did not completely dominate CO diffusion in1111} planes of the bulKe.g., creation of dislocations in the

the helium scattering experiment, afiid with only one tem- near surfece regigrin order to relieve the strain caused by
the laser-induced thermal expansidrizurthermore, know-

perature ramp from 150 to 190 K in the helium-scattering. ’ -7
experiment, significant error could exist in the deduced dif\"9 that the typical repeatability of the LITD measurement of
D was about a factor of twtf deducing a diffusion activa-

fusion parameters. , ¢ ¢ h : | h
Using a similar principle as the helium-scattering experi-ion €nergy from a set of data with a dynamic range less than

ments, IRAS used miscut surfaces to provide steps as C® OVer a limited temperature ran&20-360 K could cause
traps® By monitoring the population evolution of Ctithat significant error. This might be another factor contributing to

terrace and step sites from an initial spatially uniform dose of € large discrepancies among the previous results. Addi-

CO via the intensities of the respective IR absorption modedional factors such as measurement method dependence
the diffusion coefficient could then be deduced through de¢°Uld @lso result in discrepancies among the diffusion pa-
ameters as proposed previously by Tringiles contrast

tailed modeling of the kinetic process assuming CO diffuse$ : ) )
to step sites only from the lower terrace via terrace diffusion!© the shallow gratings with fco~0.02 ML used in our
With samples miscut alonig.10] (steps parallel t§112]) by experlment_, the L_ITD method employed a large initial cov-
1.75° and 4°(12 and 28-atom-width/terrace, respectiyely €rage gradient, witico~0.067, 0.17, and 0.27 ML respec-
from P(111), the population change occurred in a time scalgiVely outside the hg)le andco~0 inside the hole. As simu-
from 1 msec to 4 sec over a temperature range from 200 ti€d by Tringides,” a significant deviation from the true

90 K, correspondingly. It is possible that the observed pc)puyalues of the diffusion parameters can result from th_e LITD
lation change in this time scale was mainly due to terracdn€thod when the adsorbate-adsorbate interaction is strong
diffusion since diffusion of CO across steps would occyrdnd attractive. The de_V|at|on becemes mu_ch moderate if the
more slowly as inferred from our results. In contrast, the@dSorbate-adsorbate interaction is repulsive. In the present
helium-scattering measurements were performed over $2S€ the CO-CO interaction is repulsive and relatl_vely_ weak
much slower time scalé>200 seg, most likely missing the 28 inferred _by the coverage depen_dence of the dlffu_S|0n re-
fast terrace diffusion process. This is perhaps why the resulUlts(see Fig. 3, and also next sectiptherefore we believe
from helium scattering and IRAS in the overlapping tem-that the measurement method dependence is only a second-
perature range were so different. This discrepancy can nof'y cause of the discrepancy.

be resolved with ouindependent measurements of diffusion _ N the HREELS(Ref. 8 measurement, CO was dosed at a
on the terraces and over the steffhe IRAS results, with ~ 91Ven strip area to provide a coverage gradient and the spa-
Ey~4.4 kcal/mol andDy~1.5x10°° cP/sec, are in fair tially resolved electron energy-loss epe_ctrqscCEﬁLS) sig-
agreement with our results of terrace diffusioE, nal was used to measure the CO distribution. Unfortunately,
~4.7 kcallmol andDy~1.4x 10 ° cr/sec. Note that the due to the low spatial resolution;0.3 mm (electron beam

IRAS measurements were done at very low coverage, fronii2®: Only very fast diffusion occurring in a temperature
0.004 to 0.013 ML, in contrast to our measurement at 0.§2nge at which desorption could not be neglected could be

ML. The agreement between the two measurements indicatd@easured. This led to the need of a complex analysis includ-

that the CO-CO interaction is indeed negligible in this range N9 adsorption, desorption and diffusion. The deduced diffu-

The LITD method as opposed to the other studies, mea-Sion activation energy of 12.5 kcal/mol was close to that

sured diffusion of CO on a well-prepareet0.25° miscut ToM LITD, but the prefactor of 7.8 10 cmz_/sec was about
surface. For diffusion measurement, LITD first applied a few100 times larger than that from LITD. This was accounted
pulses of high-energy laser light to completely desorb cdOr Py introducing new mechanisms such as a long jump
from a spot on the surfaodole burning and subsequently €ngth. With a dynamic range of3 for temperatures from
measured the refilling rate of the hole by detecting the massoC {0 420 K, again, we believe that the reported diffusion
yield of the laser-induced desorption at the same spot. Iiparameters only have qualitative value.

helium scattering and IRAS, the achievable CO coverage
was limited to very low values because of the number of
traps. In LITD, no such limit existed. For initial coverages of
0.067, 0.17, and 0.27 ML, no significant coverage- Having resolved several discrepancies in the previous re-
dependence for the diffusion activation energy was foundsults, we can now concentrate on the terrace diffusion data,
although an increase in the CO diffusion rate was observeth particular on their significance for understanding the po-
for increasing coverages, a trend consistent with our obsetential energy surface for CO/R{L1).

vation. However, the value of 12.5 kcal/mol obtained for the Adsorption and desorption of CO(RL1) has been stud-
diffusion activation energy was significantly higher than ouried extensively®=?° From EELS(Refs. 18 and 1Pand in-
results for terrace diffusion. As shown in Fig. 1, the LITD frared absorption spectroscopy IRARefs. 6 and 2PDstud-
results lie in a region along the extrapolation of our Arrhen-ies, it was found that CO adsorbs on top sites first and then
ius curve for step-controlled diffusion. Thus, we suspect thabn the twofold bridge sites for coverages higher than 0.33
the LITD results were also affected by defects that mightML at relatively high temperatures although bridge site oc-
have been created by the multiple laser shots of high powetupation sets in earlier at0.20 ML for lower adsorption
(higher than used in the present study since we do not desotbmperatures® The adsorption energies of the top and bridge

B. Coverage dependence
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sites have also been studied. An IRAS study concluded tha ~ Puty
the CO binding energy at a top site is stronger than that at ¢ .J 2y
bridge site by 1.5 kcal/mol ab-o~0 but weaker by 0.5 O\Aég;\k,&gf

kcal/mol atfco~0.5 ML.%° From an EELS study, a smaller ¢ \“) :J

difference in binding energies between top and bridge sites ¢ e S R
namely, 0.8 kcal/mol atd-o~0.1 ML monotonically de- 8o =1/ 305X Bs0" S =1/ 2c(4x2) 80 =2/3.(SAxrec
creasing to—0.14 kcal/mol atfco~0.44 ML and back to O @ © ©

at 8co~0.5 ML was found® although a larger binding en- () Platinum atorn @ CO molecuie

ergy difference of~7.2 kcal/mol independent of coverage 5 4 structures of CO adlavers on(BtD) for coverages of
was found from a high tgmperature EELS SFUdy_ by a dlffer-0.33’ 0.50, and 0.67 ML. Plausib>lle eler;:(ent];ry diffusiongpaths on
ent group’ If the potential energy at the diffusion saddle e surface for these coverages are indicated.

point is higher than both at top and bridge sites as it is

inferred, our finding of a barrier energy of4.7 kcal/mol at  range(>0.5 ML) could be significant. This steric CO-CO
fco~0.1 ML between the saddle points and the adsorptionnteraction could be responsible for the sudden decrease in
sites would favor the first two results that found small giffusion activation energy at 0.67 ML.

binding-energy difference between top and bridge sites. Considering CO diffusion pathways is also interesting. In
_ Arepulsive CO-CO interaction exists for CO(Pt]) as  the zero-coverage limit, one might expect CO to diffuse
indicated by the series of ordered CO superstructures ogjong the[110] direction from top site to top site. At finite
P111) identified by LEED-*®*' Up to 0.33 ML, a 3  coverages, the situation must become more complicated. For
XV3)R30° superstructure is formed with CO occupying top example, nea¥.o~0.33 ML, only top sites are occupied,
sites. At 0.5 ML, CO forms &(4X2) structure containing the bridge sites at most are local minima in_the potential
0.25 ML top- and 0.25 ML bridge-bonded CO. At higher CO energy surface. If one insists on diffusion aldig0], a long
coverages, the(4X2) structure is compressed along the jump length mechanism must be introduced in order to pre-
[110] direction and CO may occupy nearest-neighbor bridgeserve the overall W3 Xv3)R30° superstructure without a
sites. The desorption energy of the system as a function Qfollective motion[see Fig. 4a)]. Assuming that the hopping
CO coverage has been measured by laser-induced thermalyia the shortest distance, then the CO must diffuse from
desorptioﬁ and a combination of methods including LEED, top site to top site along tk{te_l] direction. However, the
work fu_nction, and thermal desorptidnit is agreed that the position of the saddle point remains unknown. When the
desorption energy decreases slowly from 32 kcal/met® .4\ erage is above 0.33 ML, from which the bridge sites can
or 20 kcal/mol as the CO coverage increases to 0.5 ML thegg occupied and the maximum number of top sites are re-

quickly drops to~10 kcal/mol at 0.67 ML, with some vari- §,ced back to 0.25 ML, the diffusion may proceed via top

ance in the coverage dependence. This is a further confirm@ . . LT
: . : . ite to bridge site along thg312] direction if the shortest
tion of a repulsive CO-CO interaction. From a recent theo-jump length mechanism is considerfidig. 4b)]. At 0.67

retical study?? it was found byab initio calculation that an he diffusi .
attractive CO-CO interaction exists when two top-site COML coverage, the di usion may go along t.[‘§14] direc-
n via a zigzag patliFig. 4(c)], although diffusion along

molecules are separated by a distance of about 5-8 A at 0! 1101 direct | ; : ; :

zero coverage limit. However, the effective CO-CO interac-1"€ [h ] direction may also gc_gur or bridge site to bridge

tion in the relevant coverage range of our experiment aftep!l© NOPpPINg or top site to bridge site hopplng. From th_e
above discussion, it is clear that the diffusion paths remain

including the many-body effect by local-density approxima- : . ) .
tion (LDA) calculation was found to be always repulsive, an open question and neeq to be investigated theoretically. A
construction of the potential energy surface also relies on

although nonmonotonic as a function of separaffoAs is . .
listed in Table I, the diffusion activation energy measured intheoreUcaI studies.
the present experiment decreases from 4.7 kcal/mol at 0.1

ML to 3.9 kcal/mol at 0.5 ML slowly and then quickly drops IV. SUMMARY

to 3.0 kcal/mol at 0.67 ML, following the trend of the de-

sorption energy. This is again consistent with a repulsive In conclusion, we have measured the diffusion of CO on
CO-CO interaction. In our case, the decrease of the diffusiofPt(111) over a wide temperature range from 133 to 313 K
activation energy is only~1/10 of the decrease of the de- over a wide range of coverages from 0.1 to 0.67 ML by
sorption energy, possibly due to the significant CO-CO in-using the optical diffraction method. Within experimental er-
teraction contribution to the saddle point for diffusion but notror, the data follow an Arrhenius law very well. The cover-
to the saddle point for desorption. This is supported by theage dependence of the diffusion parameters is relatively
relatively long range lateral CO-CO interaction found by fit- weak. The activation energy varies slightly from 4.7 to 3.9
ting the adsorption isotherms with a lattice gas model forkcal/mol for 6c0=0.1 to 0.5 ML and drops to 3.0 kcal/mol
00<0.33 ML.?® The strength of the CO-CO interaction was for 6co=0.67 ML, consistent with a repulsive CO-CO inter-
found to be~0.24 kcal/mol for the second-nearest neigh-action. For a 2° miscut Pt11) with steps alond112], CO
bors, ~0.8 kcal/mol for the third-nearest neighbors, anddiffusion perpendicular to steps at 0.3 ML has an activation
~0.5 kcal/mol for the fourth-nearest neighbors. The first-energy of 7.9 kcal/mol, significantly larger than that on ter-
nearest-neighbor sites are occupied by CO molecules only aace. The observed simple Arrhenius behavior over a wide
high coverages. With a CO diameter of 2.8 A and Pt-Pt sepatemperature range from this study that fills the gap left by
ration of 2.772 A, the molecular orbital overlap between theprevious experiments and the weak coverage dependence of
first-nearest-neighbor CO molecules in the high coverag€O diffusion over a wide coverage range rule out both the
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temperature and coverage as sources for the discrepancieave finally formulated a consistent picture for the important
among the previous results. Aided by our diffusion measureprototype system of CO diffusion on Pt.

ments on a 2° miscut surface in a direction perpendicular to

the steps, we concluded that the discrepancies among the
previous measurements were caused by the influence of de-
fects, in particular steps. Analysis of FE shadowing, He scat- We wish to acknowledge financial support from the Re-
tering, and IRAS experiments support this conclusion. Whilesearch Grant Council of Hong Kong through Grant No.
the CO diffusion pathway remains an open question, weRGC96/97-HKUST684/96P.
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