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A nonlinear-optical-interference technique in surface second-harmonic generation is developed to
measure directly the variation of surface nonlinear susceptibility of CO/Ni(110) as a function of the
CO coverage. It is found that some of the susceptibility elements vary linearly with the coverage
and others nonlinearly. A simple model suggests that the former are dominated by contributions
from nearly free electrons, while the latter by contributions from the more localized electrons.

I. INTRODUCTION

Optical three-wave mixing, such as second-harmonic
generation (SHG) and sum-frequency generation, is being
increasingly used in studies of surfaces of metals and
semiconductors.! > Atomic or molecular adsorption to
such surfaces is of great interest to many researchers.
The surface nonlinear optical response can provide useful
information about surface properties of a medium and
how they are affected by adsorption. In addition, it can
be used as an in situ probe to study surface dynamics of
adsorbates such as adsorption, desorption, and surface
diffusion.!”® However, it is known that even though
three-wave mixing is forbidden, under the electric-dipole
approximation, in a medium with inversion symmetry,
the bulk can still contribute via electric quadrupole and
other multipole radiation to the signal reflected from a
surface.” The surface nonlinearity itself contains two
parts: one adsorption-free and the other adsorption-
related. In order to deduce the adsorption-related part of
the surface nonlinearity from measurements and use it to
study adsorbates on a surface, care must be taken to
properly subtract the adsorption-free part (including the
bulk contribution). This is nontrivial because, in general,
surface nonlinear optical susceptibilities are complex
quantities. Different contributions can lead to terms in a
nonlinear susceptibility with different phases, and there is
no prior knowledge of these phases.

In the literature, many authors have adopted simplify-
ing assumptions for the effective surface nonlinear sus-
ceptibilities (including the bulk contribution) to interpret
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their surface SHG results.® ™12 In all cases, they assumed
that the relative phase of the adsorption-related part with
respect to the adsorption-free part in the susceptibility is
constant, independent of the coverage of the adsorbates.
Then with a limited number of variables as fitting param-
eters, the adsorption-related part as a function of the cov-
erage of adsorbates can be deduced. This turns out to be
reasonable in some cases, but yields wrong results in oth-
er cases.

Ideally, one may want to deduce the adsorption-related
term of the surface nonlinear susceptibility directly from
measurements. This is actually possible with an interfer-
ence method.!? The adsorption-free contribution to the
SH signal can, in principle, be exactly canceled by a con-
tribution with the opposite sign from a properly adjusted
nonlinear medium inserted in the beam path. The ob-
served SH signal then solely comes from the adsorption-
related contribution. In this paper, we report the devel-
opment of such a technique to study CO adsorption on
Ni(110). We have measured four of the five independent
surface susceptibility elements as functions of the CO
coverage using both the polarization dependence and the
interference technique. We found that the susceptibility
elements generally do not vary linearly with the coverage.
The change of local density of states near the Fermi level
at the surface and the CO-CO interaction upon CO ad-
sorption are presumably responsible for the observation.
Our paper is organized as follows: In Sec. II we discuss
explicitly the surface nonlinear susceptibilities and the in-
terference method employed to suppress the adsorption-
free part. Section III briefly describes the sample
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preparation and experimental arrangement. Finally, in
Secs. IV and V, respectively, experimental results are
presented and discussed.

II. SURFACE NONLINEAR SUSCEPTIBILITIES

We consider here SHG in reflection from a metal sur-
face. As shown elsewhere, the SH signal S is directly
proportional to the absolute square of an effective surface
nonlinear susceptibility y'%, !

S; < YR l* (1)

where the subscripts i, j, k denote the polarizations of the
SH output and the two fundamental inputs, respectively.
Since the proportional constant of the relation in Eq. (1)
is known, measurement of S; allows us to deduce |X(e%f),ijk l.
Generally, X(j{,»jk consists of a bulk term and a surface
term; the latter can be further decomposed into an
adsorption-free part and an adsorption-related part. We
can thus write

Xer(0)=x;""(0)+ B Xtun

=Ax2(0)+x'2(0)+B2), . )

Here, x\?) and X{,ﬂk refer to surface and bulk nonlinear

susceptibilities, respectively, B is a known constant de-
pending on the experimental geometry, 6 denotes the
coverage of adsorbates, and Ay'?(0)=yx'2(0)—x!?(0) is
the adsorption-related part of x!? that vanishes when
6=0.

For adsorption studies, we are normally interested in
Ax'Y(0). Tt is possible, in principle, to deduce Ay'?(9)
by measuring the complex quantities of y{3(8) at various
6. However, this would be rather tedious and inaccurate.
A better way is to obtain Ay'?)(8) directly from measure-
ments. This can be achieved by suppressing
X'2(0)+Bx2), in SHG measurements using an interfer-
ence technique. >4

Consider the insertion of a nonlinear crystal (e.g., a
thin crystalline quartz plate) in the beam path after
reflection from the sample. The SH signal reaching the
detector is now given by

S’ = |AE(6)+E(0)+Ey|*, (3)
with

AE(6)x<Ax'?(0),

E (0) < x'2(0)+ By ,

E,= |EQ|exp(i¢) ,

where E,, is from the inserted nonlinear crystal. The am-
plitude |EQ‘ can be adjusted by varying the orientation of
the nonlinear crystal and the phase ¢ by varying the opti-
cal path length between the crystal and the sample. If we
let E, = —E(0), then we have

S’ < |AE(6)]2 = |Ax'?(0)]?, 4)

from which we can deduce Ay‘'?(0) directly.
A Ni(110) surface has C,,, or mm?2, point-group sym-
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metry. Accordingly, there are five independent surface
nonlinear susceptibility elements, !*

Xz Xy X Xopo X -
The % and § axes refer to the [110] and [001] directions in
the surface plane, respectively, and Z coincides with the
surface normal. These susceptibility elements can be de-
duced separately from SHG measurements using different
input-output polarization combinations. With the X axis
in the plane of incidence, s-polarized fundamental inputs
and a p-polarized SH output (s-in, p-out geometry) yield
X&); inputs with mixed s and p polarizations and a SH
output with s polarization (mixed-in, s-out) give X\2).

Similarly, with the § axis in the plane of incidence, the s-

in, p-out and mixed-in, s-out geometries measure x'2, and

x'2), respectively. Finally, with the % axis in the plane of

incidence, the p-in, p-out geometry  yields
X2 +ax? +bx2) from which x'2) can be deduced
knowing x'2. and x'2). The coefficients a and b are con-

stants determined by Fresnel factors. As an independent
check, one can arrange to have the plane of incidence
bisect the X and § axes. Then, a p-in, s-out geometry
gives X}3) — X3

III. SAMPLE PREPARATION
AND EXPERIMENTAL APPARATUS

The experiment was performed with a Ni(110) sample
mounted in an ultra-high-vacuum chamber with an
operating pressure of 1X 107! Torr. A clean surface of
Ni(110) was obtained by one cycle of Art sputtering
(1.0X 10™* Torr, 500 eV ion energy) at room temperature
for 30 min and subsequent annealing at 1070 K for a few
seconds before slowly cooling down to the measurement
temperature. Auger electron spectra of the clean Ni(110)
surface revealed no traces of contamination within the
detection limit ( <0.5% for sulfur, and <0.3% for car-
bon). CO was dosed to the sample through a variable
leak value and the dosage was monitored by a partial-
pressure measurement. To convert dosage to coverage,
we used the calibration obtained from the work-function
measurement and the thermal-desorption measurement
by Behm, Ertl, and Penka.!® The sample temperature
was kept at 100 K during CO dosing and the optical
SHG measurement.

The experimental arrangement is shown in Fig. 1(a).
For the probe beam, we used laser pulses at 0.532 um ob-
tained by frequency-doubling the output of a 10-ns Q-
switched Nd:YAG (yttrium aluminum garnet) laser. It
was incident on the sample at either 45° or 70° relative to
the surface normal. The second-harmonic signal in
reflection was detected with a photomultiplier tube and a
gated electronic system. The polarizations of the probe
beam and the SH beam were independently set and ana-
lyzed so that different surface susceptibility elements
could be measured separately.

Our sample manipulator was capable of rotating the
sample about its surface normal. This facilitates the mea-
surement of different second-harmonic susceptibility ele-
ments defined in the crystal coordinate system with the
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FIG. 1. (a) Schematic of the experimental setup. (b) Low-
energy electron-diffraction (LEED) patterns and the corre-
sponding real-space superstructure of CO on Ni. The open cir-
cles denote the Ni(110) atoms, and the solid circles the CO mol-
ecules.

11 573

[110] crystallographic direction along the X axis. The
SHG measurements were performed at three azimuthal
orientations of the sample: [110] in the plane of in-
cidence, [001] in the plane of incidence, and [110] and
[001] both at 45° from the plane of incidence. At each
orientation, the SH signals were measured with appropri-
ate input-output polarization combinations.

For the measurements with the interference technique,
a thin crystalline quartz plate was placed outside the
UHYV chamber before the filter as shown in Fig. 1(a). The
crystallographic X and Z axes of the quartz plate lay in
the surface plane. With the input laser beam normally
incident on the plate, the SH output was along the quartz
R axis. If the input is polarized at an angle ¢ from the X
axis, then the SH output is proportional to cos?y. Since
the fundamental and SH beams travel in air with different
phase velocities

n(A=0.266pm)—n (AL=0.532um)=2.0X 107>,

the relative phase of the SH field generated from the
quartz plate depends on the beam path L as shown in Fig.
1. Thus by varying ¢ and L in our experiment, we could
vary |Ey| and ¢ to cancel E,(0) in Eq. (3). After nulling
the signal from the clean Ni(110) surface, the measured
SHG signal with the adsorption of CO was directly relat-
ed to AY'?(60) as described in Eq. (4). Knowing |x2(0)|,
Ix'2A(0)|, and |Ax'?’(8)], we can also deduce, from Eq. (2),
the relative phase of Ay'?)(8) as a function of 6.

IV. EXPERIMENTAL RESULTS

A. Adsorption of CO on Ni(110) at 100 K:
Low-energy electron-diffraction study

The adsorption of CO on Ni(110) around 100 K has
been extensively studied with a number of techniques by
other groups.'®™%% The results are summarized as fol-
lows. Low-energy electron-diffraction (LEED) studies re-
vealed different adsorption configurations, depending
upon the CO coverage.!®!7 At coverage 6 above 0.85 of
a full monolayer, a (2X1) superstructure with p2mg
glide-mirror symmetry has been consistently ob-
served. 162022 For 0.5<6<0.85, intermediate ¢(8X2)
and c(4X2) structures were reported.'®!” Two CO
stretch vibrations with frequencies of 1880-1910 and
2020-2040 cm~! were identified by high-resolution
electron-energy-loss spectroscopy (HREELS) for cover-
ages between 0.2 and 0.75, corresponding to short-bridge
and on-top sites.?>?> The integrated intensity ratio
Loy /Torigge Of these two vibration bands was about 1.2,
and practically independent of the coverage.?® For
6>0.75, the adsorbed CO molecules are compressed to-
wards the on-top sites and tilted away from the surface
normal by about 20° to leave space for additional mole-
cules.?»?* The results of our LEED measurements were
partly at variance with those reported in Ref. 16. We did
not observe any superstructure at CO coverage below
6=0.6. Between 6=0.6 and 0.7, we consistently ob-
served a sharp (3X 1) pattern, which has never been re-
ported before. We propose that it corresponds to a real-
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space superstructure with CO alternately occupying on-
top and short-bridge sites along the [110] direction, with
equal populations on both sites (see Fig. 1). This observa-
tion and our assignment agree with the conclusions of the
above-cited HREELS measurement if one assumes
roughly equal strengths for the CO stretch vibrations on
both sites (we have not been able to find an explanation
why our LEED observation is different from those of Ref.
16 for intermediate coverages). As the coverage was in-
creased from 6=0.7 to 1, we observed a coexistent phase
with the (3X1) structure slowly fading away and the
(2X1) p2mg superstructure becoming bright and sharp.
From these results, we expect that the nonlinear optical
response of the surface has a relatively simple dependence
on the CO coverage at 6 <0.6.

B. SHG from CO/Ni(110)
with p-in, p-out geometry along [170]

We consider first SHG from Ni(110) in the p-in, p-out
geometry. This is the geometry often used by others as it
usually gives the strongest signal from a metal surface.
We show in Fig. 2(a) the SH signal as a function of the
CO coverage obtained with the plane of incidence along
[170]. The incident angle was 70° (45° in all the other
cases described later). It is seen that the SH signal de-
creases by 45% from 6=0 to 0.65 and then recovers at
6=1-80% of the signal level from the clean surface.
Such a nonmonotonic behavior of optical SHG has been
observed by others on other adsorbate-covered metal sur-
faces. %2627 The surface-resonance-shift model and the
nearly-free-electron model with electron transfer between
the metal substrate and the adsorbate layer have been
suggested to explain the observation. However, the non-
monotonic behavior could be caused entirely by interfer-
ence between the adsorption-free part and the
adsorption-related part of the nonlinear response, i.e., be-
tween ¥\2(0) and Ay'?(8). For example, the observation
can be qualitatively interpreted if we take ¥\X(0) as real
and assume that A)(§2)(0) is complex, and has a real part
varying monotonically with CO coverage and opposite in
sign but larger in magnitude than Y{2(0) at 6=1. If this
is the case, we should expect a monotonic increase of the
SH signal, provided that x\2(0) is suppressed. As dis-
cussed earlier, this can be achieved by the interference
technique. With the suppression of y'3/(0), the SH signal
is proportional to |Ax%(6)|%. The results of such mea-
surements on CO/Ni(110) are also presented in Fig. 2(a).
For 0<6<0.4, the SH signal (or|Ay'?(0)|?) increases
linearly; for 0.4 <6< 1, it varies also almost linearly but
with a noticeably smaller slope. Consequently, unlike in
many cases reported in the literature, Ax?X(0) does not
change linearly with the coverage for CO/Ni(110). In
Fig. 2(b), we plot the cosine of the phase of
Ax'?(8)/x\2(0), calculated from the two curves in Fig.
2(a). It decreases monotonically from 0 to —0.8 as O
changes from O to 1. The results here demonstrate the
usefulness and effectiveness of the interference technique.
For the p-in, p-out geometry, however, three surface sus-
ceptibility elements contribute to the SH signal as dis-
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FIG. 2. (a) SH signals vs CO coverage in the p-in, p-out
geometry with [110] in the plane of incidence. Curve (1):
S~ ¥ 2(0)+Ax'2(8)|%. Curve (2): S~ |Ax'?(0)|%. (b) Cosine of
the phase angle ® of Ay!?X(8)/x'3(0) vs CO coverage for SHG
in the p-in, p-out geometry.

cussed in Sec. II. In order to separately determine each
of them, we need to use other polarization combinations.

C. SHG from CO/Ni(110)
with s-in, p-out geometry along [001]

SHG with the s-in, p-out geometry and the plane of in-
cidence along [001] yields the surface susceptibility ele-

ment x'2). Figure 3(a) shows the results of |Ay2) (6)|?

ZXX
and | X .. ()] obtained with and without the use of the
interference technique. In both cases, the signal increases -
almost linearly with 6. This indicates that |Ay{2.(8)| is
proportional to ~6'/2, In our experiment, due to the in-
herent optical inhomogeneity of the exit window, the
wave fronts of the reflected fundamental and SH beams
from the sample were distorted. A complete destructive



43 COVERAGE DEPENDENCE OF SURFACE OPTICAL SECOND-. ..

0.6
s-in, p-out, X||[001]
™ 0.5 1 (a)
.'!."E
3
€ 0.4 1
2 0.3 1
2
»n
I 0.2 1
n
0.17
0.0 r T T T T
0.0 0.2 0.4 0.6 0.8 1.0
coverage ]
1.00 T T T T
s-in, p-out, X||[001]
080 1
0.60 7
S
3
(2] 040 b
0.20 h
0.00 A . L . )
v.0 0.2 0.4 0.6 0.8 1.0
coverage 6
FIG. 3. (a) SH signal vs CO coverage in the s-in, s-out
geometry with [001] in the plane of incidence. Curve (1):
]X(E%T)ZXX(O)_'_AXZXX 6)|2 Curve (2): |AXziL(9)|2 (b)

Cosme of the phase angle ® of A)(ZXX(B)/)(E,T x (0) vs CO cover-
age.

interference across the beam was not possible. This re-
sults in a nonzero minimum SH signal even with the op-
timum adjustment of interference. In the analysis, we as-
sumed that the phase variation over the cross section of
the SH signal beam was random. The increase of the SH
signal should then be proportional to |Ax2.(6)%. The
cosine of the phase of Aszx( ) /X3 .x (0) calculated from
[Ax2)(6)] and [x'X,..(0)] is plotted in Fig. 3(b) as a

eﬂ",zxx
function of 6. It increases with the coverage from 0.2 to
0.8.

D. SHG from CO/Ni(110)
with s-in, p-out geometry along [110]

SHG with the s-in, p-out geometry and the [110] direc-
tion in the plane of incidence measures the element y'2)

zyy”
The results are shown in Figs. 4(a) and 4(b). It is seen
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that [x'3 ) 6)|2 and |Ax)(6)|* behave very differently.

While | Xeﬁ 2 0)|*> exhibits a shallow minimum,
|Ax2)(6)|? increases monotically (almost linearly) with 6.
Thus \A)(ZH ()| <672, The cosine of the phase of

A)(Zyy( )/ X e, zyy( ) is not a constant either, but decreases
from —0.25 to —0.5 as 6 changes from O to 1.

E. SHG from CO/Ni(110)
with mixed-in, s-out geometry along [110]

SHG with the mixed-in, s-out geometry and the [110]
direction in the plane of incidence gives Xﬁ; We did not
use the interference technique in this case because the
mixed input polarizations complicated the situation and
made the cancellation of the adsorption-free part difficult

in our setup. As shown in Fig. 5, however, the SH signal
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mixed-in, s-out, X||[110] with mixed-in, s-out geometry along [001]
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FIG. 5. SH signal, S ~ |x{2)(6)|? vs CO coverage in the mixed
in, s-out geometry with [001] in the plane of incidence. The
solid line is a fit to the experimental data using a linear function
of 6 for Ay'2)(6).

proportional to [\f ., (6)| can be well fitted with

o) 0.24+0.4¢'199°9, 0<6<0.60
Xetyey ()= 10 2440.24011609 0.60<0<1 .

Note that 6~0.65 is the CO coverage at which a (3X1)
superstructure was observed in our experiment. Here, we

find that AX{ (8)x8 for 6 <0.60 and the relative phase
between A)(yzy ) and Y% ' 12y (0) is constant for all 0.
0.05 [{ mixed-in, s-out, X||[001]
axy without quartz interference
|2
B 0.04 .
g
®

0.03
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FIG. 6. SH signal, S~ X% x(0)+Ax2.(8)|* vs CO cover-
age in the mixed-in, s-out geometry with [001] in the plane of in-
cidence. The solid line is a fit to the experimental data using a
linear function of @ for A2, ().

of incidence along [001] measures x'2).. Again, we did
not apply the interference technique to this case. The
data on | )(eff xyx (6)|? can again be fitted with the simple
expression

X&) 2x(0)=0.2140.19¢'%9 | (6)
except for 8% 0.95, as shown in Fig. 6. Here, we also find

Ax'2.(0)= 6, and with a constant phase factor with
respect to X4y xzx (0).

G. SHG from CO/Ni(110) with p-in, s-out geometry
and the plane of incidence bisecting [110] and [001]

This geometry allows an independent check of the re-
sults Ax'2) (6) < 6 and AX;%;(B) « 0. As mentioned earlier
in Sec. II, the measurement gives )(yzy(G) X2 (6). The
data are presented in Figs. 7(a)—7(c). We find that the re-
sults on [xZ . (60)—x%,..(6)]? in Fig. 7(b) can be fitted
very well with Egs. (5) and (6) as expected. The data on
|Ax(2)(6)—Ax2.(0)]? in Fig. 7(a) obtained with the in-
terference technique, can also be fitted with use of the 9-
dependent terms in Egs. (5) and (6), although the results
at smaller 6 might be more affected by the imperfection
of the interference techmque The cosine of the relative
phase between [A)(yzy 0)—Ax2.(8)] and [Xeﬁyzy 0)

Xeg xzx(0)] shown in Fig. 7(c) indeed appears constant.

H. Deduction of Ay'2(6)

As we mentioned earlier, the p-in, p-out geometry
yields an effective susceptibility

AXR(0)=AY 5 (0)+a MY (0)+b AYE)(6) ,

with the coefficients a and b determined by the Fresnel
factors. Then knowing Ayx'2.(8) and AX(ch( ) from oth-
er measurements, we could deduce Ay'2)(6). Unfor-
tunately, we were not able to do so in our experiment be-
cause of difficulties in the calibration of signals measured
in different geometries.

However, we can extract some information on the rela-
tive magnitude of Ax{2(6=1) in comparison with
Ax'2.(6=1) and Ax'2)(8=1). We can explicitly evaluate
the coefficients, a and b using material constants for a Ni
single crystal,

n(A=0.532 um)=1.75+i3.19 ,
n(A=0.266 um)=1.59+i2.1,

in Ref. 28. For incidence angles ¢;,,=45° and 70°, we ob-
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FIG. 7. (a) SH signal, S~ |x'%,,,( 0)+A)(y§}(0)—xjf’,xzx(0) Ax'2.(6)|? vs CO coverage in the p-in, s-out geometry with [110] and

[001] at 45° from the plane of incidence. The solid line is calculated using the parameters in Egs. (5) and (6).

~|AxZ(0)—AxX (6

(b) SH signal,

)|2, vs CO coverage in the same geometry as in (a). The solid line is calculated using the parameters in Egs. (5)

and (6). (c) Cosine of the phase angle ® of [Ax{2)(8)— Ax'22(0)]/[XR 12 (0) — X'& x2x (0)], vs CO coverage.

tain, respectively
0)]4s= AX'2.(0)+0.68¢'18" A2 (0)
+0.021e/9% Ax'2)(0)

X2

and
[AXRA0) 156 =Ax'2\(6)+0.68¢ "5 AYZ).(6)
+0.044¢13 Ax2)(6) .

Our measurements gave

Dlpe=1.3|AYF(O0=1)s5 .

NG
This suggests that |Ay'2)(0=1)| is at least 20—50 times
larger than |Ax'2.(6=1)| and |Ax!%)(6=1)]|, although

XzZx zxx

its contribution to AY!2(6) is comparable to those of
Aszx( ) and Aszx(e)

I. Summary of experimental results

In summary of the experimental results described
above, we find the following.

(i) Both A)((zij),(ﬂ) and Ay2)(0) vary approximately as
0172, Their phases change with 6 nonlinearly.

(ii) Ax'2).(8) varies linearly with 6 almost up to the sat-
uration coverage. Its phase is independent of 6.

(iii) Axﬁ;(e) varies linearly with the coverage up to
6~0.6 at which a (3X1) superstructure appears. For
6> 0.6, A)(%),(O) remains a constant. Its phase is in-
dependent of 0 for all 6.

(iv) Ax2(0) is at least one order-of-magnitude larger
than Ay'Z.(0) and Ax2)(6).
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V. DISCUSSION

We first note that the nonlinear-optical-interference
technique can indeed be used effectively to eliminate the
contribution from the adsorption-free part of the surface
nonlinear response in a surface SHG measurement and
allow direct measurements of the adsorption-related part
versus the coverage of adsorbates. We also note that
different susceptibility elements can vary with 6 very
differently. With the p-in, p-out geometry commonly
used in surface SHG, the measured effective surface sus-
ceptibility is a linear combination of several susceptibility
elements. Consequently, its variation with 6 is further
complicated by interferences between different terms. By
combining the optical interference technique with
different input-output polarization combinations in the
SHG measurements, however, it is possible to deduce the
magnitudes and the phases of various surface susceptibili-
ty elements as functions of the coverage.

Before discussing our experimental results, we first
consider generally how adsorbates can affect the surface
nonlinear susceptibilities. Surface nonlinearities in our
case come from electronic response within the first few
atomic layers at the surface of a metal. Adsorbates can
influence the response of a substrate surface in a number
of ways: (i) shifting the Fermi level; (ii) modifying wave
functions and matrix elements; (iii) changing the density
of states including the introduction of new surface states.
The first mechanism is generally not significant for met-
als. This is due to the fact that the amount of charge
transfer between adsorbates and the substrate is small
compared to the number of valence electrons in a metal
sample. The resulting Fermi-level shift is expected to be
negligible. For the same reason, the wave functions of
the band electronic states are also hardly affected. We
then focus on the change of those electronic states more
localized to the surface. If the adsorbate-adsorbate in-
teraction can be neglected, then the change of surface
properties including the optical response should be linear
with the coverage of adsorbates. If the adsorbate-
adsorbate interaction, either direct or mediated through
the substrate, is not negligible and causes changes in the
density of surface states or the surface resonances, we
should expect the optical response to vary nonlinearly
with the adsorbate coverage. The latter case is what we
have observed for several nonlinear susceptibility ele-
ments of CO Ni(110).

At high CO coverages, 8 20.6, the LEED patterns re-
vealed rich overlayer structures of CO as we described in
Sec. IV A. They apparently result from the CO-CO in-
teraction. Accordingly, Axﬁfk)(e) is expected to vary non-
linearly with 8. We discuss here in more detail the varia-
tion of A)(E«}k)(e) for 6 <0.6. In the results presented in
Sec. 1V, it is interesting to note that, for 0<6<0.6,
Ax'?) (6) and Ax!2)(8) vary nonlinearly with 6, but
Ax'2.(8) and A)()(,yiy;(e) are linear with 6. Previous
electron-energy-loss and low-energy electron-diffraction
studies have shown that CO molecules adsorb on on-top
and short-bridge sites along [110] with almost equal prob-
abilities. In addition, according to Madden, Kippers,
and Ertl,'’® and Bauhofer, Hock, and Kiippers,21 the
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binding energies of CO on the two sites are almost equal
as expected and are nearly independent of the coverage.
The work-function change is nearly linear with 6. These
facts suggest a nearly constant charge transfer per ad-
sorbed CO in this coverage range. Thus the nonlinear
variations of Ay'2.(0) and X(ziy)(G) (in both amplitude and
phase) with 8 must come from the CO-CO interaction
which modifies or creates new surface states. On the oth-
er hand, the linear variations of Ay‘2) (8) and Ax(yﬁ}),(f))
with 6 suggest that these two susceptibility elements do
not depend significantly on the change of surface states or
the resonant transitions involving such surface states.
The difference between the two cases is in whether the
fundamental or the second-harmonic field has a Z com-
ponent. The Z component of the second harmonic is
presumably able to excite surface resonant transitions but
that of the fundamental cannot.

We use a simple model to give a qualitative explanation
of the results. We assume that the surface nonlinear opti-
cal response comes from two separate sources: the nearly
free electrons and the more localized bond electrons
(strictly speaking, a clear separation of valence electrons
into free and bond electrons is not possible). The adsorp-
tion of CO reduces the density of the nearly free electrons
and induces new bond electronic states. We shall argue
that Ax2.(6) and A)((Zf,j,(e) are dominated by the
response of the bond electrons at the surface while
Ax'%.(6) and Ax\2)(6) are dominated by the response of
the nearly free electrons.

It is known that the surface SH response from a
nearly-free-electron gas is very weak if the fundamental
input is polarized along the surface plane.* Therefore,
Ax2)(6) and Ax)(6) obtained in the s-in, p-out
geometry are likely to have contributions mainly from
the bond electrons. The nonlinear variations of Ay'2)(0)
and A)(‘zfy)(H) with 6 suggest that they are resonantly
enhanced by transitions involving surface states affected
by CO coverage. The resonance can be with either #w at
~2.3 eV or 2%iw at ~4.7 eV. That the same behavior is
not observed for Ay'2,(6) and Ay!2)(6) indicates that the
resonance is with 2%w. To support this argument, we
have performed a SHG measurement with the input at
1.064 um (i.e., iw=1.67 eV) in the p-in, p-out geometry.
The effective susceptibility Ay'2(0), obtained by the in-
terference technique, varies almost linearly with 6, in
contrast to the case with the input at 2.33 eV reported in
Fig. 2(a). Thus surface resonances involving adsorbates
seem to be only important for the latter case and there-
fore must be with 274w ~4.7 eV. At the saturation cover-
age, surface resonances have been identified by Kuhlen-
beck et al.?° and by Memmel et al.'® For x'2.(0), three
transitions may contribute:  df —2m, (5.5 eV);
d,, —2m, (5.5 eV); d,,—2m, (5.0 eV). For x2)(0), the
possibly involved transitions are the following:
ds—2m, (5.5eV); d —2m} (5.5 eV); d,—2m; (5.0 eV).
Unfortunately, no information is available on how these
surface resonances evolve with the increase of CO cover-
age.

The nearly free electrons can yield strong surface s-
polarized SH response if the fundamental field has com-
ponents both perpendicular and parallel to the surface.*
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The bond electrons, on the other hand, may contribute
little to the s-polarized SH response assuming that an s-
polarized field cannot excite the surface resonances. We
then have AY'2)(6) and AX%),(G) dominated by the
nearly-free-electron contribution; hence they vary linear-
ly with 6. The interpretation here is consistent with the
results of photoemission studies by Kuhlenbeck et al.?°
They found that the density of states of partially occu-
pied s band and d band right below the Fermi level de-
creases almost linearly as 6 increase from 0 to 0.6, before
it ceases to change for 6> 0.6.

This simple model may also explain why the nearly-
free-electron model seems to be able to explain qualita-
tively the results of SHG from many metal surfaces with
the p-in, p-out geometry.® 12 If Ay'2)(8) dominates in
the response because of the large Fresnel coefficient as
well as the lack of surface resonant enhancement, then
the nearly free electrons (assuming a division of bond
electrons and nearly free electrons is permitted) are re-
sponsible for the nonlinear response and hence Ay\2(6)
varies almost linearly with 6.87'> We must, however,
keep in mind that the observed linear coverage depen-
dence of A)(Efk)(ﬁ) can just as well be accidental, due to
negligible effect of the CO-CO interaction on the surface
states that contribute to SHG in the specific case. Mea-
surements with a tunable input laser beam can help to
determine the importance of surface resonances.

As a final remark, we note that recently, Hamilton,
Anderson, and Williams also studied the optical SHG
from a CO-covered Ni(110) using 1.064 and 0.700 um as
the pump beam.!? Although they did not perform the in-
terference measurement, their results are consistent with
ours using a pump beam at 1.064 um, and can be inter-
preted as having a predominant contribution from the
nearly free electrons.
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VI. CONCLUSION

We have demonstrated that the coverage dependence
of a surface nonlinear susceptibility can be obtained
directly by using a nonlinear-optical-interference tech-
nique in SHG measurements. The technique was applied
to study SHG from CO/Ni(110). The nonlinear suscepti-
bility elements Ay!2).(6) and AX(ZZy)(O) vary nonlinearly
with the CO coverage 6, but Ax2/(8) and A)(;,é),(e) vary
linearly with 6 until 6 ~0.6 where CO begins to form a
(3X1) superstructure. A crude picture suggests that the
former are dominated by contributions from localized
electrons with surface resonance enhancement around 4.7
eV, while the latter are dominated by contributions from
nearly free electrons. The CO-CO interaction affecting
the surface states and modifying the surface resonances
leads to the nonlinear dependence of Ay.2.(6) and
A)(g},(e) on 0. The localization of nearly free electrons
by CO adsorption results in the linear decrease of

AX'2.(6) and Ax2)(0) with 6.
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