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Surface Studies by Optical Second-Harmonic Generation: The Adsorption of 02, CO,
and Sodium on the Rh(111) Surface
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Optical second-harmonic generation is used to study the adsorption of atomic and di-
atomic species on a well characterized Rh(111) crystal surface in ultrahigh vacuum. The
results correlate well with those obtained by other surface probes.
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Recently, it has been demonstrated that optical
second-harmonic generation (SHG) can be used
to study molecular adsorbates at an interface be-
tween two media with inversion symmetry. ' A

question arises as to how well the SHG technique
correlates with or supplements the existing tools
for surface studies. This Letter reports the
first application of the SHG technique to well-
characterized surface systems that are also of
catalytic importance. Working with an atomical-
ly clean Rh(111) surface in ultrahigh vacuum
(UHV), we found that SHG is sensitive to adsorp-
tion and desorption of 5% of a monolayer of atom-
ic or diatomic species on Hh, and can distinguish
between adsorption at different sites. The tech-
nique also is nondestructive, and has high time-
resolving capability. Therefore, it can yield
dynamic information difficult to obtain by the
more standard UHV surface probes.

We were interested in studying the adsorption
and coadsorption of O„CO, and alkali-metal
atoms on Rh(111). These are systems which have
been actively investigated for their importance
in catalysis involving hydrocarbon and oxidation
reactions. ' Our experiments were conducted on
Rh(111) in a UHV chamber with a background
pressure of 2 &10 'o Torr. The Rh surf ace was
cleaned by cycles of Ar' sputtering, 0, treat-
ment, and annealing in vacuum at 900'C, and
was monitored by Auger-electron spectroscopy.
Surface coverages of atoms or molecules were
measured by thermal desorption yield and cali-
brated by low-energy electron diffraction (LEED).
For the SHG measurements, Nd-doped yttrium
aluminum garnet laser pulses at 532 nm or 1.06
pm with -10-nsec pulse width and -6-mJ pulse
energy were p polarized and incident on the Rh

sample at an angle of 62.5' with a beam diameter
of 1 mm. At this intensity, no laser-induced
desorption or surface damage could be detected.
The p-polarized SH signal from the surface was

where 9 is the fractional surface coverage of
oxygen with respect to Rh surface atoms, 0, is
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FIG. 1. Second-harmonic signal from the Rh(111)
surface during O~ exposure. Solid curve, experimen-
tal result; dashed curve, theoretical fit.

detected by an appropriate detection system.
Because SHG has an intrinsically fast time

resolution (limited here by the pulse repetition
rate), it can be used to monitor the surface dur-
ing adsorption and desorption processes, which
are often too fast for most other surface probes.
In Fig. 1, we show how the SH signal from the
Rh(111) surface at 315 K varied as the surface
was continuously exposed to 0, gas. It dropped
from the normalized bare metal value of 1 to a
saturation value of 0.12 at about 1.8 langmuirs
(L) of 0, (1 L =10 ' Torr sec). The sharp LEED
pattern of adsorbed oxygen'4 was observed only

when the coverage exceeded -20 L.
The result in Fig. 1 can be explained by a

model assuming that oxygen adsorption obeys
Langmuir kinetics and that all adsorption sites
are equivalent and noninteracting. The former
assumption has been confirmed experimentally
by Yates, Thiel, and Weinberg. ' The latter al-
lows us to say that the surface nonlinear sus-
ceptibility with oxygen adsorption can be written
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the saturation value of 0, and A and B are con-
stants. When the desorption rate is negligible,
as in our case, the Langmuir adsorption kinetics
dictates that the variation of 6) with time follows

d8/dt =Kg(1 —8/8, ), (2)

where K is a constant accounting for the sticking
coefficient and p is the oxygen pressure. Know-
ing that the SH signal is proportional to 1y

' 1',
and taking B/A and R/8, as adjustable param-
eters, we can use the solution of Eqs. (1) and (2)
to fit the experimental data as shown in Fig. 1.
We find B/A = 1.03 exp(i160') and K/8, = 0.93/layer.
This value of K/8, is in good agreement with the
value of 0.78/layer obtained by Yates, Thiel, a.nd

Weinberg, when we consider possible differences
in pressure calibration. ' The sticking coefficient
for 0, to Rh(111) surface atoms is then deter-
mined to be -0.5 if 0 atoms form a 2&2 overlay-
er (8,=0.25),' or -1.0 if 0 atoms form three
domains of 2xl overlayers (8,=0.5).'

The SHG intensity from Rh(ill) also decreased
dramatically when it was exposed to CO. This is
seen in Fig. 2 in which the SH signal is plotted
as a function of CO fractional surface coverage 6I.

The CO coverage was calibrated by the &3x v 3
A30' and 2&2 LEED patterns at 0=-,' and 6)= 4,
respectively. Previous studies have shown that
CO can adsorb to two sites on Rh(111) with the
carbon end down. ' For L9--,', CO bonds only to
the top sites. For —,

' & 6) «~4, CO bonds to both the
top sites and the bridge sites. The surf ace cover-
age saturates at 6=6, =~4. The SHG data in Fig.
2 exhibit a rather sudden change in slope at 0

This suggests that CO bonded to a top site
has a different nonlinear polarizability than CO

bonded to a bridge site. We can indeed fit the
data in Fig. 2 by assuming the surface nonlinear
susceptibility to have the form

g~'~ =A+B8/8, for 8 ~ —,
'

=A+B/38, +C(8--,')/8, for +& 8&+.

From the measured values of the phase and am-
plitude of the SH field at b = —,

' and ~4, we found
B/A = 1.36 exp(i157') and C/A = 0.484 exp(i169').
The fit of the data by Eq. (3) is fairly good, as
seen in Fig. 2. The result indicates that SHG is
site specific for CO on Rh(111).

Both CO and 0, adsorption decrease the SH
signal with respect to that from the clean Rh(111)
surface. This is presumably because the de-
localized electrons of the metal surface which
are largely responsible for the SHG are depleted
through localization in the chemisorption bond.
That the nonlinear response is dominated by the
metal surface electrons, rather than by adsor-
bates or by localized electrons via charge-trans-
fer resonances, is substantiated by both the
si.milar magnitude of CO- and 0-induced changes
in SHG and there being almost no difference in
the SH response to adsorption with 1.06- or 0.532-
p,m excitation. One would expect a complemen-
tary effect, that is, an increase in the SH signal
upon adsorption of alkali-metal atoms which
donate electrons to the Rh surface. This is in-
deed what we found.

Figure 3 shows the experimental data of SHG
versus Na surface coverage on Rh(111) at 210 K
with 532-nm excitation. The surface coverage of
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FIG. 2. Second-harmonic output from the Rh(111)
surface vs CO fractional coverage, g. Circles, ex-
perimental points; lines, theoretical fit.
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FIG. 3. SH output from the Rh(ill) surface vs Na
surface coverage, 0, calibrated against the hexagonal
close-packed monolayer of Na at 0= 0 =~. The low-
coverage portion is enlarged in the inset.
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Na was calibrated by the LEED pattern for a
hexagonal close-packed monolayer of Na at 9= 6)

=0.5. For 0&0.50, the SH signal increases pre-
sumably because Na atoms donate electrons to
Bh. This donation is -known to saturate around
0.58 from work-function measurements on alkali
metals adsorbed on other transition metals. "
Our SHG data also exhibit a saturation behavior
at 0-0.56) . For 0&0.50, surface-plasmon
studies indicate that the adsorbed Na atoms begin
to interact to form a metallic film. ' In our SHG
data, this is evidenced by the large change in
signal for 6)&0.66 . The dip at 0-0,90 is be-
lieved to come from the fact that the contribu-
tions from the Na film to g~' and from the elec-
tron-enhanced Rh surface become comparable
and nearly opposite in phase. The dramatic
change in SHG for 8&0.58 is quite similar to
that observed in an earlier study of Na on Ge."
The SH signal in Fig. 3 saturates around 8-28
at a value about 70 times larger than that from
the bare Rh(111) surface. This clearly illustrates
the surface specificity of the SHG. Being more
free-electron-like, the Na metal is more non-
linear than Rh. With the Rh surface covered by
two atomic layers of Na, the SH signal is com-
pletely dominated by the contribution from Na.
That additional Na coverage does not appreciably
change the SH signal implies that the SH signal
results mainly from a Na surface film two atom-
ic layers thick.

We have also studied coadsorption of CO and
Na on Rh(111). Figure 4 shows the SHG during
CO exposure to and thermal desorption from the
Bh surface predeposited with 6)-0.66I, of Na. The
dosage curve in Fig. 4{a) has a nearly zero ini-
tial slope, in contrast to the cases of adsorption
on clean Rh seen in Figs. 1 and 2. This suggests
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FEG. 4. Second-harmonic signal during (a) the CO
adsorption on Hh(111) predeposited with 0.6 monolayer
of Na and |b) the thermal desorption process from the
Na/Rh(111) sample in (a) after 15 L of CO exposure.

that the presence of Na must have significantly
influenced the adsorption of CO. The fast drop
in SHG from 1 to 2 L and the slow saturation after
2 L are similar to the SHG behavior observed for
CO exposure to clean Bh. CO adsorption during
the first langmuir of exposure is different pre-
sumably because the Na layer can replenish the
Bh surface charge that is withdrawn by low cover-
ages of CO. After the CO coverage on Na/Rh{111)
was allowed to saturate, the SHG was again used
to monitor the subsequent thermal desorption at
a. rate -15'C/s, as seen in Fig. 4(b). The curve
shows a desorption onset temperature of -300 C,
which is -200'C higher than that for CO on clean
Rh(111), indicating a stronger bonding of CO to
the surface in the presence of Na. A similar in-
crease in desorption onset temperature was ob-
served for CO on K/Rh(111)." A distinguishable
plateau (see arrow) appears between 450 and
520'C in the desorption curve followed by another
rise in the SH signal to a value consistent with
only Na on Rh(111) with 0-0.50„. This suggests
the existence of another CO state on Bh which
desorbs starting around 520'C. Two adsorption
states have been distinguished in other work on
Rh(111), Pt(111),"Fe(110),"and Ni(100)" sur-
faces. The dosage curve in Fig. 4(a) seems to
have a plateau at roughly the same SH signal
level a.s the one in Fig. 4(b), although further
work is required to substantiate the correlation.
Finally, the SH signal displayed in Fig. 4(b)
shows that the Na atoms desorb quickly once CO
leaves the surface, and at -800'C, the SHG re-
turns to the level of the clean Bh surface.

In another experiment, we found that with a Na
coverage of ()-1.00 on Rh(111), the CO adsorp-
tion on Na/Rh(111) was greatly reduced. The SH
signal drops only 20/o for 1200 1 CO exposure.
With a Na coverage of 6) -1.3L9, no change in
SHG was observed for 600 L CO exposure. These
results indicate that CO adsorption on Bh is ef-
fectively blocked by the Na film, and that the
interaction of CO with Na must be very weak. In
contrast, 0, adsorption on Na/Rh always causes
the SHG to drop precipitously because oxygen can
chemisorb to either Rh or Na.

In conclusion, we have demonstrated in this
study that the results of surface SHG correlate
very well with those obtained with conventional
surface probes. This clears the way for the
successful application of SHG to other systems of
interest in surface science and catalysis. The
very high detection sensitivity, the extremely
fast response, and the nondestructive nature of
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the technique should make it a unique and most
useful surface tool.
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