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Optical second-harmonic diffraction study of anisotropic surface diffusion: CO on Ni(110)
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We describe in detail a technique using optical second-harmonic (SH) diffraction from a one-
dimensional laser-induced monolayer grating to probe surface diffusion of adsorbates and its anisotropy
on a solid surface. The case of CO on Ni(110) is used as a demonstration. The two orthogonal and in-
dependent diffusion tensor components along [110] and [001] are measured, exhibiting a strong anisotro-
py in both the activation energy E g and the preexponential factor D, in the diffusion coefficients. A
compensation effect between E gy and D, is observed. In comparison with CO/Ni(111) and CO/Ni(100),
our result suggests that the Ni(110) surface seen by CO is much smoother than Ni(111) and Ni(100).
Both advantages and limitations of the present technique are mentioned and possible complications in

the data analysis are discussed.

I. INTRODUCTION

The study of heterogeneous surface diffusion is a fun-
damental step towards understanding the mechanism of
many surface processes, ranging from associative desorp-
tion of adsorbates, epitaxial crystal growth, to ca-
talysis.' ~® It can also provide useful information about
the effective surface potential and diffusion pathways ex-
perienced by adsorbates. On crystalline surfaces, the
structural anisotropy is expected to effect anisotropy in
surface diffusion. Anisotropic surface diffusion can cause
preferential development of surface reactions in certain
forms and is therefore important in the practical con-
sideration of controlling surface reactions. Surprisingly,
despite its importance, research effort on anisotropic sur-
face diffusion so far has been rather limited. This is
presumably due to limitation in the existing experimental
techniques.

In the study of tracer surface diffusion (referring to
motion of single atom or molecule on a surface), field-ion
microscopy is commonly used. It allows very detailed
measurements of diffusion kinetics of metal atoms on re-
fractory metal substrates.! 3> More recently, scanning
tunneling microscopy has made the study of tracer sur-
face diffusion on semiconductors possible. Both tech-
niques yield clear maps of the random motion of the ad-
sorbates and hence the diffusion anisotropy. Theoretical
understanding of tracer surface diffusion has also been
fairly advanced. The application of molecular-dynamic
simulations®~!° with pairwise potentials between the ada-
tom and substrate atoms, for example, has provided a
good description of the diffusion process. The trajectory
tracing procedure makes the diffusion paths very trans-
parent. Mechanisms such as successive jumps, return
jumps,’ substrate deformation, and exchange of adatoms
with substrate atoms (concerted exchange)® have been ex-
plored. Analytical theories based on both static and dy-
namic coupling of adatoms and substrate atoms have also
been developed.!!!?

The situation with chemical surface diffusion (referring
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to the motion of a large number of adsorbed atoms or
molecules on a surface) is however very different. Be-
cause the adsorbate-adsorbate interaction can now be
significant, the process is far more complicated. Yet, it is
more important than tracer diffusion considering the
relevance to practical applications. Unfortunately the
complexity of the process has greatly impeded the pro-
gress in this field, especially on anisotropic surface
diffusion. While theoretically, the difficulties arise from
the necessity of taking into account both adsorbate-
substrate and adsorbate-adsorbate interactions in the cal-
culations, experimentally, the progress has been impeded
to some extent by measuring techniques.

Several experimental probes have been developed to
study anisotropic chemical surface diffusion. Work-
function changes and scanning Auger electron micros-
copy have been used to measure anisotropic diffusion on
metals,!3 but the initial coverage profile is hard to
prepare and the measurement could be perturbed by the
electric field or electrons present. The field emission
method measuring fluctuation autocorrelation in a region
restricted by a rectangular slit has been very successful.'
However, the degree of anisotropy that can be measured
is limited by the length/width ratio of the rectangular
slit. Since the method relies on the separation of two
correlation functions, only surfaces with C,, symmetry
have been studied. Furthermore, diffusion coefficients
along arbitrary directions other than the principal axes of
the surface cannot be directly measured. More recently,
the scheme of hole burning by laser-induced thermal
desorption (LITD) has also been employed to study sur-
face diffusion.’ It is possible to extend the method to an-
isotropic surface diffusion measurements by changing the
desorption laser intensity profile from circular to rect-
angular. Again, the range of the anisotropy in the
diffusion coefficient that can be measured by this tech-
nique is limited by the length/width ratio of the desorp-
tion profile. In addition, the LITD method requires an
accurate determination of the coverage profile after
desorption in order to determine the diffusion coefficient
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from the measurement with reasonable accuracy. Be-
cause of the existing coverage gradient between the
desorbed and undesorbed regions, it is also difficult to
measure the coverage dependence of the diffusion
coefficient. The other problem intrinsic to this method is
that the high intensity laser pulses applied sequentially to
probe, via laser desorption, surface diffusion by hole
refilling could induce laser damage of the surface, thereby
affecting the surface properties.!®

Very recently, we have developed a technique employ-
ing optical diffraction from a monolayer grating to mea-
sure surface diffusion.!”!® In this method we first burn a
grating in the monolayer of adsorbates on a surface by
laser desorption using two interfering laser beams. The
monolayer grating can be probed by optical diffraction.
As the adsorbates diffuse on the surface to smear out the
grating, the diffraction signal decreases accordingly.
From the decay of the diffraction, the diffusion coefficient
can be deduced. In our experiments, we have used the
first-order second-harmonic (SH) diffraction from the
monolayer grating to monitor surface diffusion. It is well
known that second-order nonlinear optical processes are
highly surface specific. Thus, using SH diffraction to
probe a monolayer grating has the advantage of
effectively eliminating the background noise due to bulk
scattering. The disadvantage is that the SH diffraction
signal is rather weak, limiting the accuracy of the
diffusion measurements.

The monolayer grating diffraction method has a num-
ber of very attractive features. First, it involves a simple
one-dimensional diffusion process for which the data
analysis is relatively straightforward. Second, by proper-
ly orienting the grating, the diffusion coefficient along any
direction on the surface can be directly measured. This
makes the anisotropic diffusion measurement easy and
not limited. Third, as an optical method, the technique
can be applied to a wide variety of adsorbates on any sub-
strate. Fourth, with a tunable probe beam selectively
probing particular species of adsorbates, surface diffusion
of individual components of a mixed adsorbate layer can
be monitored. This allows the study of influence of sur-
face diffusion on surface reactions such as catalysis. Fi-
nally, the technique can be used to study other forms of
surface diffusion like diffusion of electronic or vibrational
excitations.

In this paper we present an anisotropic surface
diffusion study using the monolayer grating diffraction
method with SH diffraction as the probe. The system
chosen to demonstrate the technique is CO/Ni(110). The
main result has been reported earlier in a letter.'® Here
we include the details of our investigation. The Ni(110)
surface has a row structure with atoms closely packed in
the [110] direction (see Fig. 1). The CO molecules can
adsorb with almost equal probabilities on both top- and
short-bridge sites up to a coverage of 6=0.85." For
6>0.85, the CO molecules are pushed to the top site to
form zig-zag chains along the [110] rows with adjacent
CO molecules displaced in the [001] and [001] directions,
respectively. At a full coverage, the tilt angle of CO
molecular axis with respect to the surface normal is ~20°
and the adsorbate structure appears as 2X 1.2 Obvious-
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FIG. 1. Structure of the Ni(110) surface with a full mono-
layer of CO adsorbates. The CO monolayer has a symmetry of
2X 1. The sizes of Ni atoms and CO molecules are not shown in
proportion.
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ly, surface diffusion of CO on Ni(110) at all coverages
must be anisotropic. At an average CO coverage of
6,~0.5 we can expect diffusion along [110] as jumping
from top or short-bridge sites to short-bridge or top sites;
and along [001] as jumping from top sites to top sites and
from short-bridge sites to short-bridge sites. Thus one
would anticipate the existence of two independent
diffusion barriers, one along [110] and the other along
[001]. They were indeed identified in our experiment.
The diffusion energies and the preexponential factors for
the two orthogonal directions were deduced. Both of
them show strong anisotropy, namely, the diffusion ener-
gy is significantly larger along [001] than along [110], ac-
companied by a larger preexponential factor also along
[001]. This correlation between the diffusion energy and
the preexponential factor reminds us of the compensation
effect that often happens in chemical or other reactions
described by the Arrhenius behavior. Our results are
however approximate since the coverage dependence of
the diffusion coefficients has not been taken into account
in the analysis.

The organization of the paper is as follows: Section II
describes the experimental details on sample preparation,
creation of the CO monolayer grating by laser desorp-
tion, and measurement of the first-order SH diffraction
from the grating. Section III gives the theoretical back-
ground of SH diffraction from the monolayer grating and
how the decay of the diffraction relates to the one-
dimensional diffusion of CO adsorbates. The experimen-
tal results of CO diffusion on Ni(110) are presented in
Sec. 1V, and discussed in Sec. V with the consideration
whether surface defects, coverage dependence of the SH
response, and coverage dependence of diffusion kinetics
could affect the results from the data analysis. Finally,
physical understanding of CO diffusion on Ni(110) will
also be discussed in light of the present experimental
findings.
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II. EXPERIMENTAL TECHNIQUE
AND ARRANGEMENT

A. Sample preparation

The experiment was performed in an ultrahigh-vacuum
(UHV) chamber with a base pressure of 1.0X 10~ ° torr.
The single-crystal Ni(110) sample was cut and mechani-
cally polished to within 0.3° from the (110) plane with the
miscut along the [001] direction, and mounted vertically
on a rotatable sample holder capable of more than 90° of
rotation about [110]. Before any measurement, the sur-
face of the sample was first Art sputtered (at 1.0X 10™*
torr with a 500-V beam voltage for approximately 30
min) at room temperature until no impurity contamina-
tion could be detected by the Auger electron spectrome-
ter within its detection limit (<0.3% for carbon and
<0.5% for sulfur). The sample was then annealed at
800 °C for a few seconds followed by a slow cooling down
to the measurement temperature. Right before each dos-
ing of CO the sample was flash heated to 300°C to re-
move residual adsorbed molecules from the ambient,
mostly hydrogen and CO. The adsorption of CO on the
Ni(110) surface was carried out at approximately 100 K
by introducing CO into the chamber through a leak
valve. A sharp 1X1 low-energy electron diffraction
(LEED) pattern was observed for a clean Ni(110) surface
and a 2X1 pattern for a full CO monolayer on Ni(110).
In order to avoid possible alternation of the surface and
the adsorbate monolayer by the electron beam in the
LEED measurement, separately prepared monolayers
were used for diffusion experiment. A Chromel-Alumel
thermal couple welded to the sample was used to monitor
the sample temperature. The diffusion experiment was
conducted in a temperature range of 100 to 170 K. The
temperature could be controlled to within 2 K. The aver-
age CO coverage for all the diffusion experiments at
different temperatures and in different directions was
6p~0.5, with 6=1 defined as full CO coverage with one
CO molecule per Ni atom on the surface.

B. Experimental considerations
in making an adsorbate grating

The key step in preparing for our diffusion measure-
ment was to create a CO monolayer grating that could
yield a strong enough SH diffraction signal. This was
achieved by LITD with a prescribed spatial intensity
modulation formed by interfering two laser beams. The
adsorbate grating profile can be predicted from the laser
intensity modulation if the amount of CO desorbed
versus desorbing laser energy is known in LITD. We
used reflected second-harmonic generation (SHG) to find
such a relation. First, the reflected SHG was measured
as a function of CO exposure (pressure multiplied by
time) to the surface. Then the CO coverage of the sur-
face versus exposure was determined from thermal
desorption spectroscopy.?’ Thus the relation between
reflected SHG and CO coverage on Ni(110) was found.
We were particularly interested in the adsorbate-induced
SHG signal, or \A)&}(G)lz, as a function of coverage 6.
As described in Ref. 22 this could be obtained by an in-
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terference technique. A p-in(fundamental)/p-out(SH) po-
larization geometry was chosen since this SHG signal
was the strongest among all the different polarization
combinations, knowing that x!2)(6) is the dominating
component in the nonlinear susceptibility tensor. Finally,
SHG was used to monitor LITD.

The setup for the LITD experiment is shown in Fig. 2,
where the desorbing laser beam at 1.06 um was aligned
collinearly with the probing laser (for SHG) at 0.532 um.
The probing beam radius was one-tenth of that of the
desorbing beam and probed the central uniform part of
the desorbed area. The measured result of |AY'3(0)|? is
shown in Fig. 3 and the CO desorption yield from
Ni(110) as a function of desorption energy is depicted in
Fig. 4(a). The LITD result can be fitted with a laser heat-
ing model in which the adsorbed laser energy from the
pulse is converted directly into heat to induce a tempera-
ture change.?? The temperature rise is given by

AE

AT(t)=—A—Z(1——R)c059i

1
nc ’\/’n'_.frp
exp(—tz/ff,)
Vit—t'

x [ =2 ()
f —» VapC,K
where AE /A A is the laser intensity impinged on the sur-
face, R =0.728 is the reflectance of Ni at the incident an-
gle 6;,,~45°, 7,=10 ns is the Gaussian laser pulse width,
and p=28.902 g/cm3, Cp =6.23 cal/molK, and K =91
W/mK are the density, heat capacity, and heat conduc-
tance of Ni, respectively.?* Being a first-order desorption
process, the desorption rate of CO from Ni(110) is as-
sumed to be given by?’
do _ —vbe —E 4o /kg T(1)
dt
where v is the desorption preexponential factor, E 4 the
desorption energy, and kz the Boltzmann constant.
Equation (2) then leads to the thermal desorption yield

A6=6, |1—exp {—f"’ ve‘Edes/"BT""dt'] } NE

) (2)

—

UHV

1.06pm
Beam

FIG. 2. Optical setup for experiment using optical second-
harmonic generation to probe laser-induced thermal desorption.
F1 and F2 are color filters and Q is a quartz plate employed to
cancel the SHG signal from the bare Ni(110) surface by interfer-

ence.
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FIG. 3. |Ax&(6)|? vs coverage 6 measured by SHG with the
plane of incidence parallel to [110] and the p-in/p-out polariza-
tion combination.

The solid line in Fig. 4(a) is a fit of the data using Egs. (1)
and (3) with v=1X10" and E, =28kcal/mol. The
values of v and E . agree well with those obtained by
other methods.?® The discrepancy in the fit is presumably
due to the fact that the coverage dependence of the
desorption energy and the preexponential factor were
neglected in the calculation.

To make a monolayer adsorbate grating, we interfered
two laser beams at the Ni(110) surface to produce a spa-
tially modulated intensity

I(x)=1I,

1+r cos . 4)

where I is the average intensity, s the grating spacing,
the contrast of the interference pattern, and x the posi-
tion along the surface. In our experiment, I, was chosen
such that A6(I;,)~0.5. By adjusting the weak beam in-

(a)

AB 06

(b)

x/a 2

Energy(J/cm?)

FIG. 4. (a) Desorption mass yield vs desorbing laser energy
as measured by laser-induced thermal desorption. The solid line
is a theoretical calculation from Eq. (3) with v=1X10" and
E,.,=28 kcal/mol. The dashed line along the data points is a
guide for the eye. (b) Laser energy distribution at the surface
from two interfering laser beams. (c) The resulting coverage
grating created by the laser energy distribution in (b).

tensity to 0.08], to make r =0.524, the grating appeared
to have a tripodal periodic pattern as sketched in Fig.
4(c). Such a pattern has a large first-order Fourier com-
ponent that will produce a large first-order diffracted SH
signal.

We noticed from Fig. 4(a) that for CO/Ni(110), the en-
ergy range from no desorption to complete desorption is
very narrow. Experimentally, this means that the forma-
tion of a good grating requires very accurate control of
the laser energy.

C. Experimental setup for diffusion measurement

The optical arrangement for diffusion experiment is
shown in Fig. 5. A single-mode Q-switched Nd:YAG
(where YAG denotes yttrium aluminum garnet) laser
with a pulse width of 10 ns at 1.06 um was used for both
the LITD and the SH diffraction measurements. To
create a CO monolayer grating on Ni(110), the 1.06-um
beam was split into two and then recombined at incident
angles of $=11.50° with an overlapping area of ~2 mm
in diameter on the Ni(110) surface fully covered by CO.
The choice of the ratio of the two beams and the average
laser intensity were discussed earlier. The CO grating
thus produced resembled the pattern described in Fig.
4(c), and the grating period was s =A /2 sin¢ ~20 pm.

To probe the diffusion, a frequency-doubled laser beam
at 0.532 um from the Nd:YAG laser was used. Its inten-
sity was ~ 5 of the desorbing beam. The beam was in-
cident at 70° with respect to the surface normal and the
first-order SH diffraction from the CO grating was detect-
ed as a function of time in order to probe the decay of the
CO grating via CO diffusion. The probe beam was not
strong enough to desorb CO from Ni, as could be
checked by monitoring SHG in the specularly reflected
direction. Alternatively, this was made sure by creating a
CO adsorbate grating in the [001] direction at ~100 K
and monitoring the change in the first-order SH
diffraction. No change was found for several hours, indi-
cating that diffusion, desorption, and adsorption of CO

Vacuum Chamber

1.06um

FIG. 5. Experimental setup for surface diffusion experiment.
A single laser shot at 1.06 um is always used to generate an ad-
sorbate grating. The decay of the grating is monitored by the
first-order SH diffraction using the 0.532-um probe beam.
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are all negligible in that circumstance. The diffusion
coefficient could be deduced from the decay of the
diffracted SH signal.

In an earlier work, we reported a similar diffusion
study for CO on the Ni(111) surface.!” In comparison,
the CO-induced SHG from Ni(110) is 4-5 times smaller
than that from Ni(111).222%27 The desorption energy
range is also very narrow for CO on Ni(110) as compared
to CO on Ni(111).2 In the present case, the desorption
laser energy has to be controlled to within 2-3 % of 1.24
J/cm? in order to create a good grating that can yield a
reasonable SH diffraction level (~80 counts/5 min, with
S /N ~10 in our measurement). These reasons make the
surface diffusion experiment of CO/Ni(110) rather
difficult. Moreover, for gratings along different crystal-
line orientations, the SH diffraction signal may differ by
about 10% because the p-in/p-out SH response with the
plane of incidence parallel to different crystalline direc-
tions involve different components of the second-order
nonlinear susceptibility tensor ¥ ?/(). For instance, Y'%
is a linear combination of %), x\2., and x2, if the plane
of incidence is parallel to [110] and a linear combination
of x2), x'2), and x2) if the plane of incidence is parallel
to [001]. This anisotropy in signal strength, however, will
not affect the diffusion coefficient measurement since it is
the decay rate that determines the diffusion coefficient as
we will see in Sec. I1I.

The diffusion anisotropy was measured in the following
way. For measurement of CO diffusion along a selected
direction on Ni(110), the sample was rotated to have that
direction in the plane of incidence of the desorbing laser
beams. The CO monolayer grating on the surface could
then be created by the method described above. The
diffusion measurement along such a chosen direction was
subsequently carried out at a few temperatures in order
to find the temperature dependence of the diffusion
coefficient D(T). Measurements were performed for CO
diffusion not only along the principal axes of Ni(110) but
also along other directions of interest.

III. RELATIONS BETWEEN DIFFUSION COEFFICIENT
AND THE SH DIFFRACTION SIGNAL

Surface diffusion is generally characterized by a rank-2
diffusion coefficient tensor D which is related to the parti-
cle flux J and the surface coverage 0 by

J=—-D-Vo. (5)

The tensor can be diagonalized along symmetry axes in
the surface. For the case of Ni(110) the axes for diago-

nalization are [110] and [001], so that we have
D [110] 0
0 D oo1;

D= . (6)

Thus for surface diffusion along a direction at an angle ¢
away from [110], the diffusion coefficient is given by

D($)=Dy cos’p+D g sin’e . (7

As discussed in the preceding section, we are interested
in observing surface diffusion from the time-dependent
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smearing of a monolayer grating of adsorbates. In this
case, surface diffusion is governed by the one-dimensional
diffusion equation

20 _ o

a6
dt  0Jx b

8
ox |’ ®

and the solution can be expressed in terms of a Fourier
series expansion:

0(x,t)=6,+ 3 6,(t)cos(2nmx /s) . 9)
n=1
If D is assumed to be independent of the coverage 6, then
we find,

0(x,1)=0,+ 3 65 cos(2nmx /s)exp( —4n*m*Dt /s*) ,

n=1

(10)

where 69 are constants. More generally, D depends on 6
and the solution becomes more complicated. This will be
discussed later in Sec. V.

The nonlinear susceptibility Y'#(6) responsible for
SHG from a CO covered Ni(110) surface can be separat-
ed into two parts, one from the bare metal substrate, and
the other from the adsorbate-induced contribution which
depends on coverage:

X R(0)=xZ(0)+Ax'2(0) . (11)

If 6(x) is periodic in x, then Y\2(8) is also periodic in x,

and can be written as

YE[0x)]=xZ(0)+ 3 A4,(t)cos(2nmx /s) (12)
n=0
with

2nmwx

. 2 L2
A, = lim — {219 j dx . 13
" im f_L/zxeﬁ[ (x)]exp |i x (13)

Lo>w L

SHG from such a susceptibility grating appears both in
specular reflection and in diffraction. The specularly
reflected SH signal is proportional to | ezﬂ')(0)+ AOI2 and
the rzlth-order diffracted SH signal is proportional to
l4,%

Consider the simple case that Ay'2/(8) is linearly pro-
portional to the coverage 8. Then A, <0, and the nth-
order SH diffraction is given by

S, (1)< |6, *=S,, exp( —87’n’Dt /s?) . (14)

From the time constant of the exponential decay of the
diffracted SH signal, the diffusion coefficient D can be de-
duced. Note that the decay time constant is independent
of the grating pattern except the grating spacing s. If
Ax'2(6) is not linearly proportional to 6, the situation
again becomes more complicated as S,(¢) is no longer
proportional to |8,(¢)|>. The decay of S,(t) would ap-
pear as multiexponential. This will be discussed in the
Sec. V.
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IV. EXPERIMENTAL RESULTS

The measured data of the first-order SH diffraction sig-
nal versus time from CO monolayer gratings on Ni(110)
along three different  directions, [1T0](¢=0"),
[001](¢=90°), and ¢=45" are presented in Figs. 6(a),
6(b), and 6(c), respectively. Assuming that Eq. (14) is val-
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FIG. 6. Normalized first-order SH diffraction signal vs time
at different temperatures for CO diffusion along (a) [110], (b)
[001], and (c) the direction bisecting [110] and [001] on the
Ni(110) surface. The solid lines are the exponential fits with Eq.
(14).
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id, we fit the data at each temperature by a single ex-
ponential, as shown by the solid curves in Fig. 6. From
the fit and using Eq. (14) with n =1, we can deduce the
decay time constant and hence the diffusion coefficient
D(T) (with s =20 pum). The fluctuation of the data
points was mainly due to the poor signal-to-noise ratio.
The uncertainty in determining the diffusion coefficient D
is around +40%.

The deduced diffusion coefficient D vs 1/T is plotted in
Fig. 7 for CO diffusion along the three specific directions
on Ni(110). The results for diffusion along the orthogo-
nal directions, [110] and [001], are well described by the
simple Arrhenius form

D=Dyexp(—Eg/kpgT) . (15)

This indicates that CO diffusion on Ni(110) has two dis-
tinct potential barriers, one along [110] and the other
along [001]. The fit of Eq. (15) to the data points in Fig. 7
yields, along [110]

E 4#([110])=1.1£0.2 kcal/mol (0.048 eV) ,

Dy([170])=(3.8+2.0)X 107° cm?/sec ;
along [001],

E 4#([001])=3.1%0.4 kcal/mol (0.134 eV)

Dy([001])=(4.814.4) X 1076 cm?/sec .

That surface diffusion of CO on Ni(110) is anisotropic is
obvious from the above results. For diffusion along the
direction ¢ =45°, we expect from Eq. (7)

D(¢=45)=1(D;70;+Door)) - (16)

10°
10~IOJ

g 10"

E

s

a
10-12 1
10»13 T T T T T T

1000/T (K™")

FIG. 7. Diffusion coefficient D vs reciprocal temperature 1/T
in an Arrhenius plot for CO diffusion on Ni(110) along [110],
[001], and the direction bisecting the two (¢=45°). The solid
lines are least-square fits by Eqs. (15) and (16) with
E4g[110]=1.1 kcal/mol, Dy[110]=3.8X10"° cm?/sec, and
E 4£[001]1=3.1 kcal/mol; D,[001]=4.8X 10~¢ cm?/sec.
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FIG. 8. Diffusion coefficient D for CO/Ni(110) as a function
of azimuthal angle ¢ away from [110] at T~110 K. The solid
line is calculated from Eq. (7) using the diffusion parameters de-
duced from Fig. 7.

Plotted in Fig. 7, Eq. (16) fits the experimental data very
well. Note that two combined exponential functions of
1/T are needed to describe D(¢=45°). This further sup-
ports the picture of two orthogonal independent diffusion
barriers for CO on Ni(110).

Figure 8 depicts the measured D as a function of the
diffusion direction specified by ¢ at fixed temperature
T ~110 K. The solid curve calculated from Eq. (7) is also
in good agreement with the data. The diffusion anisotro-
py at T =110 K is obviously very significant.

V. DISCUSSION

In deducing the diffusion coefficient D from our experi-
ment, we have made a number of simplifying assumptions
(see Sec. III). In this section, we shall first consider the
effects of those assumptions and other possible experi-
mental complications before we discuss the implication of
the experimental results.

A. Heating effect from the probing beam

One may wonder if the laser beam used to probe the
monolayer grating would heat up the sample surface and
J

dAYE 1 | d*AXE
1 40 Glexp(—t/27)+3 d—02
1| dAxd
) dG; P (E) 193199169n+n+lexp{_
m,n)=

3 o6

90m—1

m2+n+(m+n+1)?
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significantly affect the surface diffusion of the adsorbates.
In our measurements, the fluence of the probe laser pulse
was ~0.1 J/cm?. Using Eq. (1) in Sec. II, we estimate a
maximum temperature rise of 65 K for the Ni surface at
t ~10 ns due to laser heating. This temperature rise de-
cays away to AT <10 K at 1 ~40 ns. From Eq. (15), we
find D(T +AT)/D(T)=10-500 for a temperature range
of T~100-170 K with AT =65 K if Ejz=3.1 kcal/mol.
The excess mean-square displacement resulting from
D(T +AT) during the heating period of 6¢~40 ns is
given by

A<x2)=f 2{D(T+AT)—D(T)}dt ~2D(T+AT)5t .
This is negligible compared to the mean-square displace-
ment 2D (T)At of CO molecules during the period
At=0.1 s between two successive laser pulses. For small-
er Ey, the effect is even smaller. Thus we can conclude
that the probe laser heating effect is insignificant in our
surface diffusion measurements.

B. Coverage dependence of nonlinear susceptibility

In the data analysis, we assumed AY'3(8) is linear in 6.
This is not true, in general, and is a poor approximation
for CO on Ni(110) as seen in Fig. 2. As mentloned briefly
in Sec. III, the nonlinear relation between A)(‘ (6) and 0
may cause the first-order SH diffraction to decay multiex-
ponentially or nonexponentially. This can be seen by ex-
panding AY\2(8) into power series of (8 —6,), where 6, is
the average surface coverage of the monolayer grating.

(2)
AY2(0)=Ax2(6,)+ i (6—6,)
0 d9 90 0
i % (9—6 )2
2| 46* e, 0
1 AX(ez) ,
A 00(9 0, + Can

From Eq. (13), the first-order SH diffraction amplitude
takes the form

o r1exp{ —[m*+(m +1)*1t /27}

1t 727}

+ 3 60,0,0, n_1exp{—[m*+ni+(m+n—172]t/27) |+, (18)

(m,n)=1

where 7=52/87’D and D is assumed constant. Since
generally, 69, ., <65 <1/2 for m > 1, we expect that the
higher-order terms can be appreciably smaller than
the first term in Eq. (18). The two leading correction
terms are L(d?Ayx\%/d6?%), 9092 exp(—5t/27r) and

%(d%x‘j{/d@%ﬂ(@? exp(— 3:/27) For t>7/2, they

[

are further reduced by factors larger than e ~ and e
respectively. Thus we can conclude that if Ay\2(6) can
be approximated by a power-series expansion of Eq. (17)
and if the data analysis puts more emphasis on the
diffraction data at later times, then a single-exponentxal
decay of the diffraction with Ax'2(0)

—1/2
)
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=Ax26,) +(dAx(e%f)/d0)eo(0-—90) is a fair approxima-
tion. In principle, one can make the grating groove
sufficiently shallow to render AY\X(8)=(6—8,) so that
the decay would certainly be a single exponential. Unfor-
tunately, limited by the diffraction signal strength which
is proportional to |Ay'2/(0)|?, this may not always be pos-
sible.

For the case of CO on Ni(110), the experimental data
of Ax\2(8) can be approximated by (see Fig. 2)

Ax2(60)=0.707+0.707(6—6,) —0.354(6—6,)*
+0.354(0—6,)°+ - - - (19)

with 6,=0.5. If we assume an initial CO monolayer grat-
ing of the rectangular periodic form

nmw

0(x)=0.5+ 3 —nz:sin cos(2nmx/s), (20)

n=1

then we can show from Eq. (18) that by keeping only the
first term in Eq. (18), the decays calculated from | 4,(¢)|?
with 120, t=27/2, and t=71 are 22%, 4%, and 1%
slower than the real case.

In deducing D from fitting our experimental data with
| 4,(2)|%, we recognized the poor signal-to-noise ratio at
large t. We therefore fit the data with a single exponen-
tial starting from ¢ =0, knowing that the deduced value
of D could be larger than the real value by about 22%.
This is especially true for the lower temperature cases,
where less data with ¢>7/2 are available because of
larger 7. These systematic errors could have reduced the
diffusion- activation energies and the preexponential fac-
tors by 10% and 50%, respectively.

C. Coverage dependence of diffusion coefficient

The diffusion coefficient generally also depends on the
surface coverage of adsorbates which we have neglected
in our data analysis. If the dependence of D on 6 is
strong and the grating groove depth is deep, then even
with AY\2(6) linear in 6, the first-order SH diffraction
will not have a single exponential decay. This is seen as
follows.

Assume D(6) can be described by a power series

D(0)=D(6y)[1+d(6—6y)+d,(6—6,)*+ ---]. (1)
From Eqgs. (8) and (9), we find,

= 3 D(6)(8,+ 3,68, 3,61+ -+ ],
9, __ ar .

Y —?—D(OO)[02+}d,0§—%d19193,. R
It is obvious that the solution of Eq. (22) will give a 6,(¢)
with a nonexponential or multiexponential decay. Thus
even if AY\X(0)=(6—6,) so that A ()=(dAXR/d6)g
6,(t) from Eq. (13), the first-order SH diffraction may de-
cay nonexponentially. However, if d,6,0, and the
higher-order terms in Eq. (22) are much smaller than 6,,
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we still have

a6, 2

o =— ?D (64)6,

and hence 6,(z) < exp(—t/27), from which D(6,) can be
deduced. This can be achieved with a sufficiently small
0, either from a shallow monolayer grating with a small
initial 69 or by waiting long enough for 6, to decay to a
small value.

In our experiment, the CO monolayer grating was
square-wave-like with a modulation ranging from zero to
full coverage. We estimated #9~0.1. The fact that the
decay of SH diffraction can be roughly fit by single ex-
ponentials suggests d; <<20 and d, <<4. The values of
D(6,) deduced from the experiment are accurate to
within a factor of 5 judging from the above discussion.

D. Defect of surface effects

Before we discuss the results of our surface diffusion
measurements, we need to known whether they are in-
trinsic to the Ni(110) surface or dominated by defects on
the surface. First, consider the effect of point defects.
Their density is typically around 1073 to 107* of a full
monolayer.?® These defect sites are often first covered by
adsorbates because of the stronger binding energy. In
our experiment with an average coverage of ,~0.5, the
effect of such point defects is certainly negligible. The
same argument can apply to short line defects (ineffective
in blocking diffusion paths) with lengths much shorter
than the size of the grating.

Special attention has to be paid to line defects which
run across the sample and are parallel to the adsorbate
grating. They can be steps arising from a miscut of the
sample. For diffusion perpendicular to the steps, we have
to consider the durations that the adsorbate molecules
spend on the terraces and in traversing the steps. Let the
average trapping times of an adsorbate molecule on a ter-
race and at a step site be 7 and 7g, respectively. The to-
tal time for the molecule to diffuse across a terrace and a
step is simply the sum

Tt =Trt7s - (23)

If Na is the average width of a terrace, a the lattice con-
stant and also the width of the steps, and N the average
number of rows of atoms in a terrace, then from
(x2)=2Dt, we have (N+1)*a*=2D7,,. With Dy and
Dg denoting the diffusion coefficients of adsorbates
diffusing on a terrace and across a step, respectively, we
also have N2a?=2D;7 and a>=2Dgr5. We then find

1 21 N2 1,1 1

= — . (24
(N +1)* Dg 24)

D (N+12a® (N+1)? Dy

For the steps to dominate in the surface diffusion, we
must have Dg <<D;/N2.

In our case, the Ni(110) surface had a 0.3° miscut along
the [001] direction. This leads to an average terrace
width of N ~70. If we assume that the trial frequencies

(preexponential factors in D) for crossing a step and
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jumping over an activation energy barrier on a terrace
are roughly the same, then Dg << D /N? leads to

y=N?Dg /Dy
=70% exp{ [ E gg(terrace) — E yq(step) ] /kg T} <<1,
25)

where E gq(terrace) and E gg(step) are the diffusion ac-
tivation energies on a terrace and across a step, respec-
tively. If what we measured in our experiment were a
step-dominated  diffusion process (y <<1) with
E 4g(step)=3.1 kcal/mol as obtained by fitting
D=D,exp(—E4g/kgT) to the diffusion data along
[001], then Eq. (25) dictates E jg(terrace) should be
smaller than [E 4g(step) —8.5 kT], which at 7 =150 K is
0.56 kcal/mol. This small value of E jg(terrace) is only
twice as much as the thermal energy (0.3 kcal/mol) and
would make the stable adsorption of CO on top- and
short-bridge sites of Ni(110) unlikely, contrary to the ex-
perimental observation. Therefore, we believe that the
measured diffusion is intrinsic for CO on Ni(110) with
y >>1, and the effect of line defects is not significant. If
we assume Yy =10 we estimate from Eq. (24) that
E 4g(step) ~ 6 kcal/mol.

E. Anisotropy in diffusion activation energies

Our experimental results described in Sec. III show
that there are two independent diffusion barriers, one
along [110] and the other along [001], for CO on
Ni(110). The ratio of E[001]/E[110] is nearly a
factor of 3. Such a large anisotropy in the diffusion ac-
tivation energy can be qualitatively explained by the sur-
face structure of Ni(110). The atomic arrangement of
Ni(110) is shown in Fig. 1. The Ni atoms form closely
packed rows along [001]. One therefore expects that the
surface potential corrugation seen by CO is less along
[110] than along [001] and hence the CO diffusion is
faster along [110].

As we mentioned earlier, it is known that in the cover-
age range 0<6<0.85, CO molecules adsorb on Ni(110)
at both top- and short-bridge sites with nearly equal prob-
ability.!” Although there exists some controversy to the
occupation ratio of the two sites, 8,/6,, the very weak
dependence of this ratio on temperature from 300 to 500
K strongly suggests that the adsorption energy difference
between the two sites is small.! Our LEED observation
of a 3X1 ordered structure of CO adlayer at =0.65 on
Ni(110) at ~100 K also supports the equal probability as-
sertion as it is explained by equal CO occupation of the
top and short-bridge sites.?> These facts indicate that the
surface potential wells for CO at the top and short-bridge
sites have about the same  depth. That
E 4i¢[001]~3E 44[110] is then the result of a strong over-
lap of neighboring potential wells along [110], making
the energy barrier between adsorption sites along [110]
lower. The above picture is also supported by the obser-
vation of streaklike c(4X2) and c(8X2) LEED patterns
by Behm, Ertl, and Penka,’! which was interpreted as a
consequence of CO occupation at intermediate positions
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other than the high-symmetry sites (on-top and short-
bridge sites) along the [110] direction.

We can then assume a surface potential seen by CO on
Ni(110) to have a form (shown in Fig. 9),'2

V(x,y)=E 4 110] l—cos%
3
+E4g[001] |1 cos ivry , (26)

with £|[110],9]|[001], and a is the Ni lattice constant of
Ni along [110]. Using this potential and the measured
values of Egg[110] and Ez[001], we can estimate the
fundamental vibrational frequencies for CO trapped at
the bottom of such a potential well. They are given by
fx=(2/a)E44[110]/M)"? for vibration in % and

f,=(1/V2a)[E 4[001]/M 1)/? for vibration in $, with
M taken as the mass of the CO molecule. The estimated
values are [, ~3.3X10"? Hz (110 cm™!) and
fy~l.9><1012 Hz (65 cm ™ !). These vibrational modes
are equivalent to the “frustrated translation” modes of
CO on Ni(110) which were measured recently with 6=1
by electron-energy-loss spectroscopy.?’ The latter experi-
ment found a resonant excitation band between 60 and
113 cm !, This is in good agreement with the values of
S and f, estimated here from the measured values of
E,;5[110] and E 44[001].

We should remark that the surface potential here
refers to the potential seen by the adsorbate CO with the
surrounding substrate atoms completely relaxed and ad-
justed to the minimum free-energy configuration. This is
not the potential seen by CO moving so rapidly that the
substrate atoms have no time to adjust. The latter is
perhaps what we need to calculate the vibrational fre-
quency of the frustrated translational modes. However,
since the displacement of CO in this vibration is small,
the frequency change is expected to be small. In any
case, the assumed potential in Eq. (26) is only meant to
give a crude estimate. There is no reason why V(x,y)
should have the sinusoidal form. The real potential is
likely to be more complicated.

The relatively smooth surface potential for CO on

FIG. 9. Surface potential given by Eq. (26). The A position
is a potential well and C and C’ are the saddle points along
[110] and [001] directions, respectively.
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Ni(110) surface characterized by E4 #[001]=3.1
kcal/mol and E44[110]=1.1 kcal/mol is in strong con-
trast with CO on the other two low Miller index planes,
Ni(111) and Ni(100). For CO on Ni(111), Zhu, Rasing,
and Shen and Lin, Lu, and Gomer found E;;=6.8
kcal/mol.!”? For CO on Ni(100), Roop et al. measured
a coverage-dependent E 4 of 6.4 kcal/mol for 6=0.25
and 4.6 kcal/mol for 6=0.66.° On the other hand, the
desorption energies of CO on the three Ni surfaces are
not very different: 24 kcal/mol at short-bridge sites and
18 kcal/mol at on-top sites for CO/Ni(111);3! 21-26
kcal/mol for CO/Ni(100);** and 28-32 kcal/mol for
CO/Ni(110).1%?% The ratio of diffusion activation energy
to desorption energy is ~0.3 for CO/Ni(111) and
CO/Ni(100) cases, while the corresponding ratio for
CO/Ni(110) is about 0.1 in the [001] direction and only
0.03 in the [110] direction.

Theoretical understanding of why the surface poten-
tials of different Ni surfaces are so different is poor. The
calculation of Doyen and Ertl3? for CO on the three Ni
surfaces using the molecular-orbital method based on an
Anderson-Newns valence-bond formalism is worth men-
tioning here despite its disagreement with experiment.
While it finds a much smoother surface potential (<2
kcal/mol) for CO/Ni(111) than that shown by experi-
ment,!” it predicts for CO/Ni(110) a surface potential
variation of ~2.25 kcal/mol along the [001] direction
and ~1.25 kcal/mol along [110]. This seems to agree to
some extent with our result on CO/Ni(110). However,
the agreement is shadowed by the fact that the calcula-
tion suggests the hollow sites as the most stable adsorp-
tion sites for CO on Ni(110) which is inconsistent with
the result of the recent vibrational spectroscopy study.?
More refined theoretical calculations, such as the ab initio
tight-binding calculation by Bullett and Cohen, do exist.
They can predict the correct adsorption sites for CO on
Ni surfaces but usually not the correct desorption ener-
gies and surface potentials.’® A reliable surface potential
calculation for CO on Ni has not yet been carried out.

Although from the surface structure of Ni(110), it is
obvious that the diffusion of CO on Ni(110) is anisotrop-
ic, yet to the best of our knowledge, the experiment re-
ported here is the first direct observation of an anisotrop-
ic heterogeneous chemical surface diffusion with two in-
dependent diffusion barriers. In tracer diffusion, there
have been a number of experimental studies of anisotrop-
ic diffusion on the (110) plane of both bcc and fcc crys-
tals. Adatom diffusion of metal atoms on the (110) plane
of fcc crystals such as Ni/Ni(110), Pt/Pt(110), Ir/Pt(110),
Ir/Ir/(110), and W/Ir(110) (reviewed by Ehlich
and Stolt®) are known to have two distinct pathways with
the adatoms hopping along the atomic rows of the sub-
strate or exchanging with the substrate atoms (concerted
motion) to go across the rows. For chemical diffusion,
the case that has been studied is oxygen on W(110).
There, only one diffusion pathway along [111] or
equivalent directions was identified.!* From the discus-
sion in this section, we can conclude that the diffusion
paths for CO/Ni(110) are as follows: along the [110]
direction, a CO molecule hops successively from a short-
bridge (or on-top) site to a neighboring on-top (or short-

bridge) site, then to a neighboring short-bridge (or on-
top) site, and so on; along the [001] direction, CO hops
either from a short-bridge site through a hollow site to
another short-bridge site and so on or from an on-top site
through a long-bridge site to another on-top site and so
on.

F. Anisotropy in preexponential factors:
The compensation effect

The experimental results in Sec. III shows that while
E 4¢[001]> E 5[ 110], the preexponential factor of the
diffusion coefficient D, is also larger along [001], i.e.,
D,[001]> D,[110]. The consequence is that the two Ar-
rhenius plots for D vs 1/T along the [110] and [001]
directions cross each other as seen in Fig. 7. For T <160
K, diffusion along [001] is slower than that along [110],
but for T'> 160 K, the reverse is true. A similar behavior
has been found with self-diffusion of Ni on the Ni(110)
surface.’> This is a manifestation of a well-known but
poorly understood general phenomenon known as “the
compensation effect.”* 3% This is, in the Arrhenius form
describing the kinetic parameters of related systems, the
preexponential factor and the activation energy are relat-
ed in such a way that if one increases, so will the other.
This effect occurs commonly in the kinetics of hetero-
geneous reactions, including adsorption, desorption, and
catalytic reactions,’® as well as many other thermally ac-
tivated processes. One example of the latter case is the
temperature dependence of the thermally activated elec-
tron conductivity of oxide or organic semiconductors,
where the compensation effect is also known as the
Meyer-Nedel rule.®® Intuitively, the compensation effect
can be understood as follows: The preexponential factor
is proportional to the number of ways with which the
heat bath can furnish energy to the system to surmount
the activation energy barrier. The higher the activation
energy, the more ways the system will find by thermal
agitation to overcome the energy barrier. Peacock-Lopez
and Suhl have developed a microscopic theory based on
this idea to explain the compensation effect.’’

The similarity of our result to the tracer diffusion of
Ni/Ni(110) (Ref. 35) suggests that the adsorbate-
adsorbate interaction is not the dominant cause of the
compensation. Rather, the interaction of adsorbate-
substrate could give rise to this preexponential anisotro-
py. An argument based on the tracer diffusion can then
be used to understand this phenomenon.

The expression for the tracer diffusion coefficient is*’

D=1 )v=L{1")vyexp(—Eg4q/kzT) , 27

where / is the hopping length, v the hopping frequency,
vy the trial frequency, and E g the diffusion activation
energy. Thus the preexponential factor is defined in
terms of hopping length / and trial frequency v, by

Do=1(1?)v,. (28)

The anisotropy in D, can come from both / and v,. Since
the diffusion energy barriers are more than 4-8 times
larger than the thermal energy k7T, it is known both from
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molecular-dynamic simulation of atoms (reviewed by
Doll and Jacucci®) and an analytical estimate*' that the
probability for multiple-lattice hopping is negligible. [A
recent molecular-dynamic simulation of molecular car-
bon monoxide on Ni(111) by Dobb and Doren, however,
suggests that such multiple-lattice hopping can be
significant.]** From the previous discussion on diffusion
paths, the hopping lengths along the two principal direc-
tions, [110] and [001], are @ /2 and V'2a, respectively,
with @ being the lattice constant along [110]. From Eq.
(28) and the measured ratio of D,[001]/D,[110], we

then obtain
2ol001 e
vo[110]

In the transition state theory for tracer surface
diffusion,*” the hopping frequency is given by

Eg
V=v,exp —-ﬁ s (29)
with
kT 0
C R Q)

where Q. is the partition function of the adsorbate (ex-
cluding the reaction coordinate) at the saddle point C and
Q 4 is the total partition function of the adsorbate in the
well A4 (see Fig. 9). We then have

vl 001] _ Qc[001]
vw[170] Q. [1T0]

In principle, Q. /Qc can be calculated if the energy
states of all degrees with CO at the saddle points C and
C' are known. This is unfortunately not the case for CO
on Ni(110). For example, the surface potential for
CO/Ni(110) is not available. The one assumed in Eq. (26)
is certainly not expected to be valid around the saddle
points. A different potential well around a saddle point
leads to a different set of vibrational states for CO at that
point and hence a very different value of the partition
function for that vibrational degree of freedom. For this
reason, we find it meaningless to even estimate the ratio
Qc'/Qc unless a reliable surface potential becomes avail-
able. This being the case, we are forced to be satisfied
with the above-mentioned qualitative explanation for the
compensation effect observed in the anisotropy of D,,.
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VI. CONCLUSION

We have described here the details of the technique us-
ing SH diffraction from a monolayer grating to measure
surface diffusion. The technique is applicable to all sur-
faces and is ideal for studying diffusion on crystalline sur-
faces with strong anisotropy. The anisotropic surface
diffusion of CO/Ni(110) is used as a demonstration. The
results indicate unequivocally the existence of two in-
dependent diffusion barriers along [001] and [110]. The
activation energies and the preexponential factors for the
two orthogonal directions are deduced from the mea-
sured diffusion coefficients. A strong anisotropy in sur-
face diffusion of CO/Ni(110) is found. The significantly
smaller activation energy for diffusion along [110] is
directly associated with the close-packed rows of Ni
atoms along [110]. The preexponential factors exhibit
the common “‘compensation effect” for thermally activat-
ed process. In comparison with CO/Ni(111) and
CO/Ni(110), the surface diffusion results suggest that the
Ni(110) surface seen by CO is much smoother than
Ni(111) and Ni(100), although the desorption energies of
CO on these three Ni surfaces are comparable. The vari-
ous effects that may influence the data analysis are dis-
cussed.

As seen from the work described here, the monolayer
grating technique has clearly the advantage of involving a
simple and straightforward data analysis. This eliminates
the need of developing a theory just for the data analysis
as with some other techniques. However, the present
method using SH diffraction to probe the monolayer grat-
ing often suffers from a poor signal-to-noise ratio. This
makes the study of, for example, coverage dependence of
surface diffusion difficult. It is possible to greatly
enhance the signal-to-noise ratio by using linear optical
diffraction instead to probe the monolayer grating.*> The
coverage dependence of surface diffusion which we have
neglected in the present work can then be measured.
Research in this direction is presently being carried out
in our laboratory.
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FIG. 9. Surface potential given by Eq. (26). The A position
is a potential well and C and C’ are the saddle points along
[110] and [001] directions, respectively.



