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Modulated surface-plasmon resonance for adsorption studies
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Surface-plasmon resonance (SPR) on high-reflectivity metals is very sensitive to changes in the optical
properties of the surface region, in particular, to the effects of adsorbed molecules. We excite the SPR on
noble-metal films using the Kretschmann configuration and detect the SPR via the surface-roughness-
scattered light. By modulating the angle of incidence of the exciting laser beam and using the electronically
differentiated signals to track and monitor the resonance, we are able to measure, as a function of time, the
complex dielectric constant of the film and the strength of the surface-roughness scattering. We use this
technique to study the chemisorption of 0, on Cu and Ag where we are able to detect the presence of a
fractional monolayer of physisorbed 0, on the Ag film after the chemisorption is essentially complete. Data
on the optical constants obtained from the metal-vacuum interface of in situ grown Ag, Cu, and Au films are
presented. We also present data on the strong physical adsorption of 1,2-dichloroethane on room-temperature
Ag films. At elevated temperatures, the dichloroethane attacks and roughens the surface. The increased
roughness allows us to establish an upper limit of 1% for the contribution of the roughness scattering to the
width of the SPR on the clean Ag film.

I. INTRODUCTION-

Optical surface-plasmon resonance (SPR) was
first demonstrated by Otto' in 1968. The method
has been used subsequently in a wide variety of
experiments on thin metal films. Recently, it
was shown that with the increased sensitivity pro-
vided by angle-mod'ulation techniques the SPR can
be used to study the optical response of adsorbed
molecules in the submonolayer regime. In this
paper we discuss these angle modulation techniques
in more detail than has been done previously, and
show how they can be used to study the growth
rate of oxide layers, chemisorption, physisorp-
tion, and the chemical attack of films by reactive
gases. In particular, we present data on the
chemisorption of 02 on in situ grown Cu and Ag

.films, the physisorption of 02 on Ag films after the

chemisorption is essentially complete, and the
physisorption of 1,2-dichloroethane on oxygen-
exposed Ag films and the subsequent chemical
attack which occurs at elevated temperatures. We
also present data on the optical constants obtained
from the metal-vacuum interface of in situ grown
Ag, Cu, and Au films.

The SPR is sensitive to small quantities of ad-
sorbed molecules because it is a high-Q reso-
nance. That is, the surface-plasmon wave propa-
gation distance is long compared to its wavelength;
this enables it to respond coher'ently to the small
optical perturbation of adsorbed molecules. Be-
cause the real part of the surface-plasmon wave

vector, Re(k»), propagating along a metal-dielec-
tric interface is greater than the wave vector of a
free photon in the dielectric, the SPR cannot be
excited by direct coupling with incident radiation.
Otto' circumvented this problem by coupling the
evanescent tail exhibited in total internal reflec-
tion from a prism across a small air gap to excite
the SPR on a Ag film. Similarly, one can excite
the resonance on the vacuum-metal interface of a
thin film grown directly on a prism by coupling
through the film. ' This method of excitation,
which is used in our experiments, is often referred
to as the Kretschmann configuration and is illus-
trated in Fig. jI. .

There are two methods in use for detecting the
SPR. The most common one involves measuring
the attenuated total reflection (ATR) as a function
of frequency for fixed prism angle or as a function
of prism angle at fixed frequency. The other meth-
od measures the scattered light (SL) coupled out

by the surface roughness of the film and is usually
done at fixed frequency as a function of prism
angle. The SL detection scheme has certain ex-
perimental advantages over ATR. ' The greatest
advantage is that for highly reflecting films the
SJ. signal exhibits a Loren'tzian line shape as a
function of prism angle. The measured peak posi-
tion and half-width at half maximum of this line
determine directly the real and imaginary parts
of k„. In addition, since the intensity of the de-
tected signal is proportional to the strength of the
surface-roughness scattering, it can be used to
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k.,= ~/c[e/(a +1)P ", (2)

and the Drude expression for th6 dielectric func-
tion,

+@[~(~+ i/7)1

detect small changes in the surface roughness.
rt is the simplification of a Lorentzian line shape

which allows us to employ angle modulation. By
modulating the angle of incidence of the exciting
light beam and using the electronically differen-
tiated SL signals both to track and monitor the
resonance, the time dependence of both the real
and imaginary parts of k„, as well as changes in
the strength of the surface-roughness scattering,
can be determined. Because angle modulation al-
lows an accurate determination of small changes
in the position an.d width of the resonance, this
method is well suited for monitoring small per-
turbations in optical response caused by adsorbed
mole cules.

As is the case for other surface optical probes
such as ellipsometry and surface-reflectance spec-
troscopy, ' the. analysis of SPR experiments allows
the determination of an effective dielectric constant
for known or assumed film thickness. However,
SPH is a more restrictive probe than these tradi-
tional spectroscopies in that it can be used only
in a limited spectral region on high-ref lectivity
material. s. The useful frequency region is limited
at high frequencies by either the asymptote of the
surface-plasmon dispersion curve, v =+~/~2,
where v~ is the bulk plasma frequency, or by the
onset of interband transitions. If E(&o) is the dielec-
tric function of the metal, a necessary condition
for the existence of a, sharp SPR is that the-Re(e)
be large compared with the Im(e). The low-fre-
quency limit occurs when the surface-plasmon
dispersion curve mex'ges with the light line. The
limit arises from the experimental condition that
one must be able to excite and detect the surface-
plasmon waves as well-defined modes over the
range of the independent variable used to measure
the SPR. Since we scan the parallel component of
the incident wave vector at constant frequency and
measure the position and width of the Lorentzian
SL signal, this condition implies that the separa-
tion of the surface-plasmon dispersion curve from
the light line must exceed the width of the reso-
nance, i.e. ,

Re(k„) —&o/c & Im(k„). (I)
%ith the dispersion relation for a semi-infinite
metal bounded by vacuum,

in the limit of u «&o& and I/v'«&o&. This condition
is identical to the condition that the Q of the metal
described by Eq. (2) be &1. It is important to rea;
lize that the Q of the resonance, jRe(k,n)/Im(k, n) ~,
can still be large even when condition (4) is vio-
lated. Thus the effective low-frequency limit is not
not necessarily a condition on the ability of the
metal to support long-lived surface-plasmon exci-
tations.

II. GENERAL PRINCIPLES

For a discussion of the type and nature of sur-
face-plasmon modes on metals we refer the in-
terested reader to the review articles by Haeth-
er, " Economou and Ngai, '2 and the reference ther-
ein. For our purposes it is sufficient to note that
that the SPR can be treated within the framework
of the macroscopic Maxwell equations employing
a local approximation for the dielectric function.
If the parent metal film and subsequent adsorbed
layers are treated as isotropic homogeneous lay-
ers separated by mathematically sharp boundari-
es, then the SPR can be described by the standard
Fresnel expressions' ' for the transmission t&, „
and reflection x& „coefficients which relate the
amplitudes of the fields transmitted through and
reflected from the n-layer system to the ampli-
tude of the incident field. For a p-polarized in-
cident wave these coefficients can be obtained by
repeated application of the series of relations:

f1,n = f1,n-1fn-1, n eXP(ikn-1dn-1)/Dn ~

+1,n —1 1,n-1 + f1,n 1 fn-1 1+n 1,n eÃp(i2kn 1dn-1)/Dn 5

D„=1 - x„1,,r„,,„exp(i2k„,d„,),

y' &„,gk„—e„k„,g
n, n+$ — ~ g. & tn, n+j —~ ++n, n+j ~

&n+t~n +&nkn+)

I SM QF
DEX n&

REFLECTED~WAVE

W IN DOW

METAL FILM

SCATTERED
LI GHT

condition (1) reduces to

(4)
FIG. 1. Geometry for surface-plasmon excitation; y=44.958 deg and n&= 1.514 34+0.0002.
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and
k„=[e„(ur/c) —k„]'i 2. (9)

In these equations e„ is the complex dielectric
function of the nth layer and d„& is the thickness
of the n —1 layer. The real quantity k„ is the com-
ponent of the wave vector of the iricident wave tan-
gent to the film surfaces and is given by (ar/c)n~
sin8, where n~ is the prism index and 8 is the an-
gle of incidence at the inside surface of the prism.
By Snell's law, k„ is identical in each layer. Equa-
tions (8} are used first to define the transmission
and reflection at a single interface separating two
media. These expressions can then be used in
Eqs. (5)-(7) to evaluate the fields for the three-
layer problem. Successive application of Eqs.
(5)-(7) allows one to evaluate the fields for
n &3 where the coefficient x„, &

is evaluated from
the known expression for r, „,by formally replac-
ing the index 1 by n —1, 2 by n —2, ~ ~ ~, and n —1
by 1.

The surface-plasmon modes are defined by ex-
amining the conditions necessary for the existence
of reflected and transmitted waves in the absence
of an incident wave. This implies that both t&, „and
r& „be infinite or, equivalently, that D„=O. In
general, the condition D„=O can be satisfied only
if k„ is allowed to assume complex values. Caution
must be exercised in choosing the phases of the
k„[see Eq. (9}]when k„ is allowed to be complex.
The Re(k, } must be positive to insure that the re-
flected wave propagates away from the surface,
and Im(k„} for n ~ 2 must be positive so that the
waves are attenuated in the direction of propaga-
tion. To save confusion, we let k» denote the sol-
utions of the dispersion relation D„=O obtained by
extending k}} into the complex plane. If k» can be
obtained directly from experiment, then the dis-
persion relation gives a relation between the di-
electric constant of a film and its thickness. For
example, consider the case of a metal film grown
directly on a prism of known refractive index.
Since m and e& of the prism, and e3 of vacuum are
known, the condition D3 = 0 defines a relationship
between e2 of the metal, d» and k». If d2 is known

from separate measurement, then the measure-
ment of k» determines e2. Once the optical re-
sponse of the parent film has been determined,
one can proceed to the study of overlayers deposi-
ted on the metal film where the measured shifts
in k, ~, together with the dispersion relation D4 —0,
formally determine an effective dielectric con-
stant e3 of the overlayer as a function of d3. In
principle this process can be continued as long as
one can provide da or e3 by auxiliary measurement.

We npw turn our attention to the experimental
determination of k,~ and the Lorentzian approxima-
tion for the SL line shape. The radiated photons

are a result of the scattering of the surface-plas-
mon waves by inhomogeneities in the dielectric
constant of the film. These inhomogeneities can
be due to surface roughness, grain boundaries,
or other solid-state defects which lie close enough
to the film surface to be sensed by the surface-
plasmon wave. We make no attempt to distinguish
between these sources, and refer to them collec-
tively as the surface roughness. The interaction
of the surface wave with the surface roughness
excites polarization currents in addition to those
induced by the wave on a smooth surface. Treat-
ing these currents as a collection of dipole oscil-
lators, "one argues that only the component of
these currents parallel to the film surface can
contribute to the field radiated along the film nor-
mal. Since the parallel component of the surface
current arises in response to the parallel com-
ponent of the electric field E„of the surface-plas-
mon wave, the amplitude of the radiation field will
be proportional to t& „.

The transmission function is characterized by a
simple pole at k„and, therefore, can be expressed
by its Laurent expansion about this pole. If the
pole lies sufficiently close to the real k„axis,
Im(k„) «I, then the amplitude of the SPR can be
described adequately by keeping only the first term
in this expansion. It is this term which leads di-
rectly to the Lorentzian line shape for the SL sig-
nal,

I(k„) E/8/ )R/ /j[k„-Re(k„)] +[Im(k„)] j, (10)

where S is the surface-roughness coupling coeffi-
cient, E contains such terms as the intensity of the
inciderit light beam and photon detector efficiency,
and 8 is formally the residue of the pole at k„.
Thus the simplification of a Lorentzian line shape
allows one to determine k„by measuring the peak
position and width of the resonance as a function
of k„.

Even when Im(k„) is small, the SL line shape
may not be Lorentzian. This is because the SL
method is also sensitive to the scattering of the
incident wave by the bulk inhomogeneities of the
film and by the surface roughness of the metal-
prism interface. The interference of the light
scattered from the incident wave with the light
scattered from the SPR can lead to serious de-
partures from the Lorentzian line shape. For-
tunately, the presence of this parasitic scattered
light can be detected by moving off resonance and
examining the strength of the background radiation.
For our noble-metal films grown on glass sub-
strates at room temperature, the intensity of the
signal on resonance is nearly 10 larger than the
intensity observed far off resonance; thus this
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source of error is negligible.
The width of the resonance is sensitive to all

processes which attenuate the surface-plasmon
wave, including the surface-roughness scattering
used to detect the resonance. For extremely rough
films, the surface-roughness scattering can broad-
en the resonance considerably and shift it to higher
values of Re(k„}.'p 'p Since the dispersion relation
used to. infer the dielectric function from k„does
not allow explicitly for this radiation damping, its
inclusion results in artificially large values for
Im(e) of the metal. Therefore if one wants to use
the SL method to obtain optical constants for the
films that are characteristic of the intrinsic re-
sponse of the film„ it is imperative that the sur-
face- roughness scattering be small. Mills' has
examined this problem in some detail and shows
that in the limit of ~e ~

»1 the attenuation length I
due to surface roughness scattering is given by

I =-,'(c/v) le I
~2/(~&)

where 6 is the rms height of the roughness and a
is the transverse correlation length. Using in Eq.
(11)valuesof 5=10 A and a= 10' A typical of Ag
films, 2 3 and comparing the calculated attenua-
tion lengths to those obtained experimentally for
our films, [21m(k„)j ', we conclude that across
the visible spectrum the attenuation due to rough-
ness scattering is nearly two orders of magnitude
smaller than the attenuation due to the intrinsic
losses in the metal.

In spite of the above limitations, it is important
to realize just how good a Lorentzian approxima-
tion for the resonance line shape can be. As a
check on both the mathematical approximation and
the assumption that the radiated signal is propor-
tional to ~E„I as obtained from the Fresnel rela-
tions, we used the measured width and position of
the resonance curve obtained from a 760-A Ag film
a& 6328 A to compute the Ag & from the condition
D3 —0. Ne. then used this e to compute the Fresnel
expression for ~E„and compared this with the
experimental resonance curve. The peak position
and half-width of the calculated ~E„~ curve agreed
with those of the original resonance curve within
our experimental uncertainty. Even the small
asymmetry in the wings of the resonance was re-
produced faithfully.

In practice we measure the SPR as a function of
n, the external angle of incidence on the prism
entrance face, which is related to 8 by sinn
=np sin(e —y), Fig. 1. For small values of o. , one
has the defining relations

Im(k„) = (Ln cosy)&o/c,

where 4n is the half-width of the resonance, n„
the position of the resonance peak, and y the in-
terior angle of the prism. The choice of a prism
angle y w'hich puts the SPR near normal incidence
provides a convenient reference for measuring n
and allows one to position the prism and film in the
beam in such a way that the beam does not move
across the film as n is varied. This is crucial be-
cause the diameter of the optic cable, placed = 12
cm away from the film that is used to detect the
SPR, is comparable to the size of the illuminated
region, and any movement of this region across
the film face would change the detection efficiency
and distort the shape of the measured resonance.
Prescriptions for the prism placement are given
in Ref. 5.

We now turn to a discussion of angle modulation
and the determination of the time dependence of
k„. If the angle of incidence of the exciting light
beam is modulated sinusoidally,

n =np+A sin(&u t), (14)

Although the harmonic structure can be obtained
when A/hn « I by expanding the denominator, the
usual restriction of a small modulation amplitude
is not necessary when dealing with a known line
shape because the Fourier integral

2
n

m

I /ao

I(t) cos(n~ t)dt

can be evaluated easily. Performing the integra-
tions for n =0 and n =2 with the assumption that
the time dependence of F, ~S~2, and &n is suffi-
ciently slow compared to the oscillation period that
they can be treated as constants, one obtains the
relations

then the detected SL signal at frequency m in
phase with the driving signal will pass through
zero when o.o

——n . This signal is used to drive a
rotary table, to which the prism and film are af-
fixed, in such a way as to preserve the null in the
detected signal. By monitoring the motion of the
rotary table, the temporal dependence of n can be
determined within the limits set by the response
time of the servosystem. The width of the SPR
and changes in the strength of the surface-rough-
ness scattering are obtained by analyzing the har-
monic structure in the SL signal when no —n

I(t) =F
~
S

~ /([A sin(u) t)]2 + (b,n) J.

Ite(k„) = (o.„cosy +n~ siny) ur/c (12)
(t)P [& (0}P

IP(t) I~(0} f(o)g'(t)
Ip(0}I2(t) f(t}g(0) '
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s(t) I' J'(0) f,(f) 'I, (o) f(0)~ 'g(f)
s(0}I' F(t) l, (0) f, (t} f(t), g(0)

(18) LN2
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where

(19)
LA

He

g =fI1+ -,'(a/«}'+f']-' . (2o) ADS TO

PORATION

LAMENT

Equations (17) and (18) must be evaluated by iter-
ation starting from the known value of ~n at time
f =0 to evaluate f and g. Notice that Il does not
appear in Eq. (17) so that fluctuations in the inci-
dent light intensity or in the photomultiplier gain
do not affect our ability to determine Im(k„(t)).
They do contribute to the surface-roughness sig-
nal, Eq. (18). Thus, one must monitor the intensity'
of the light sou. rce a.nd use a very stable photo-
multiplier when measuring changes in the surface
roughness.

.LOCK- IN

RfFERENC f
AMPLIFIER

SERVO

AMP

PMT
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III.- EXPERIMENTAL

The experiments were done on films grown in a
stainless-steel sample chamber equipped with
five 2—,'-in. copper-gasketed flange access ports
as shown schematically in Fig. 2. Two optical
windows were placed on opposite ports. The film
was grown directly- on one window and a 6-mm-diam
optical cable was used to view the resonance-
through the other. One side port contains the cur-
rent leads for the vaporization filament, and the
vertical port is connected to a liquid-nitrogen
cold trap by flexible metal bellows. This trap in
turn is connected to an oil-diffusion pumping sta-
tion equipped with a.second liquid-nitrogen trap.
A glass bulb with greased stopcocks is used to ex-
pose the film to a known quantity of gas. The cham-
ber was baked at 250 C and the bellows and glass
trap at =150 C for eight hours before each new
film was grown. The glass trap was cooled and
filled while the chamber was still hot in order to
trap possible contaminants emanating from the
0-ring and stopcock located on the pump side of
the trap. Final pressures measured at the pump
were typically 3-4~ 10 torr.

The films were grown by evaporation from a cir-
cular tungsten filament positioned concentric with
a line joining the center of the two windows. A

small annular disk was placed between the filament
and the viewing window to prevent any metal dep-
osition on this window while still allowing an un-
obstructed view of the SPR. Typical film growth
rates were from 20—50 A/sec and final film thick-
nesses were 700-900 A. These were monitored
during growth by recording the optical transmis-
sion of the film. Due to the interference effects

FREQUENCY „ LOCK-IN

DOUBLER . AMPLIFIER

CHART

RECORDER

OPTICAL SCAN

REFERENCE

LOCK- IN SIGNAL

PREAMPLIFIER

CHART I,
RfCORDfR

= '
-ELECWOMETER

Fto. 2. Schematic drawing of electronic, optical, and
vacuum systems employed in angle-modulated SPB
studies.

associated with the chamber window, we-put the
uncertainty at +10% for the film thickness cal-
culated from the transmission.

The crown glass prism is coupled to the chamber-
window by means of an index-matching oil, and a
small piece of black glass is coupled to the prism
exit face to eliminate internal reflections. Studies
of SPR intensity versus n are made by reflecting
the chopped light beam from a stationary mirror
onto the prism and film. The chamber is mounted
on a motor-driven rotary table, and the phase de-
tected signal at the chopping frequency is displayed
on a chart recorder as a function of the potentio-
meter voltage which monitors the angular position
of the table. Since a is small, the angles are re-
ferenced conveniently by- reflecting the beam back
on itself.

The modulation studies were all done using a
He-Ne laser. Here the unchopped beam is re-
flected from a mirror vibrating at 400 Hz and
passed through a lens onto the prism. The purpose
of the lens is to keep the beam position fixed on the
prism as the angle of incidence is modulated. An-
gular modulation amplitudes less than the full-
width of the resonance, about 0.1-0.2 deg peak to
peak, were employed. The SPR signal from the
photomultiplier tube is split between the lock-in
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amplifiers and electrometer with precautions taken
to minimize the capacitive loading of the signal.
Ultimately, signals proportional to the shift in e,
Io, and I2 are displayed on strip-chart recorders
as functions of time.

The experimental sensitivity is limited by the
inherent width of the SPR, the backlash in the table
gears coupled with the oscillatory feedback of the
servoamplifier, and the noise levels in the Io and

I2 signals. The limitations imposed by the SPR
width can be seen by examining the harmonic sig-
nal I, when o!0—6„=P. When (P +2) &( Aa, I& is
proportional to PA/(be)~. Since noise considera-
tions limit the practical amplification of this sig-
nal, increases in 4n quickly limit the deviations.
P to which the table drive can respond. The back-
lash in the gears would give an uncertainty in
n of 0.0015 deg. However, this can be improved
by monitoring the table drive, as opposed to its
response, and adjusting the damping of the servo-
sy, stem so that is oscillates within the gear dead-
space without appreciable overshoot. By averaging
these oscillations visually, we were able to mea-
sure shifts in n of the order of 5&&10 deg on a
Ag film. The precision to which changes in 4n
can be measured is determined by the uncertainties
in both I0 and I2, which for a time constant of 0.1
sec are about 1%. However, if one assumes that
S is constant, then [bcf(t)/bo. '(0)] =I2(0)/I2(t) when

A/tLn «1, and the 1% uncertainty in I2 legislates a
0.25% sensitivity to changes in bn. How these
experimental sensitivity limits translate into de-
tectability limits for adsorbed molecules depends
on the complex susceptibility of the molecule in its
adsorbed state and the width of the parent. SPR.

IV. OPTICAL CONSTANTS

stants of our in situ grown Ag, , Au, and Cu films.
Measurements were made at the wavelengths pro-
vided by the He-Ne laser and the filtered lines of
a Hg lamp. In order to correct for the experi-
mental broadening of the SPR introduced by the
angular spread in the beam of the Hg lamp, the
experimental configuration was modified to pro-
vide an incident beam of known, controllable an-
gular divergence. Measurements were then made
at several values of the beam divergence, and the
results mere extrapolated to obtain a value for ~o.
corresponding to a perfectly collimated beam.

After growth, . all of the films exhibited substan-
tial room-temperature annealing as evidenced by a
narrowing of the SPR peak and a shift of the peak
tomards the light line. These effects are most
pronounced on Cu films, but are clearly observ-
able on both Ag and Au films, as has been noted
previously. The magnitude of this effect for a Cu
film is shown in Fig. 3, and the time dependence
of the optical constants derived from the condition
D3 —0 is shown in Fig. 4. Because of this anneal-
ing, our reported optical constants were taken on
films at least a day after growth. During this time,
the progress of the annealing wa, s monitored to
check for possible contamination. Since a contam-
inant would cause the SPR to broaden and shift
away from the light line, any growth of a thick
contaminant film, such as an oxide or sulphide,
would cause the optical constants to exhibit ex-
trema as a function of time. No such extrema
mere observed; in fact, the optical constants of the
films did not appear to degrade for days after
growth. Of course, a saturated film in the mono-
layer regime could form shortly after growth, and
this mould be undetectable through annealing stud-

Recently, the SPR technique was employed to
measure the optical constants of Ag, Au, and Cu
films grown on fused-silica substrates. In that
study the SPR was excited on the metal-substrate
interface by coupling the metal- film to a high-index
prism using an index-matching fluid. Alternative-

ly, the resonance on the metal-air interface was
excited by coupling the substrate to a prism. Their
measurements on the metal-air interface consis-
tently yielded values for ~Re(e)

~
less than those

obtained, for the metal-substrate interface. This
can be explained by assuming either that the free
surface is contaminated by exposure to the air or
that the structure of the metal-substrate and met-
al-air surfaces is different. Therefore, in order
to see how closely the optical constants obtained
from a metal-vacuum interface can agree with
those obtained from the metal-substrate interface
when the problems of surface contamination have
been minimized, we measured the optical con-

840 A Cu FILM
X= 652.8nm

V)I-

lQ

AFTER
IN VACK

LLJ

fRESH FILM

OURS

A
tel
K
I-
I-

V)

-2
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FIG. 3. Experimental dependence of Cu Lorentzian
line shape on room-temperature annealing and oxide
formation. Each peak is in arbitrary units so that only
the peak positions and widths have physical significance.



C. F. EAGKN AND W. H. WEBER

l5.4-
I I

0
890 A Cu film
X —652 Snm

- I.O

l5.2 —0.9

a
l5.0

4I

-08 g

l4.8 —0.7

l4, 6
IOO

I I

200 500
t(min)

4OO

. T'ABLE I. Comparison of the optical constants ob-
tained for the vacuum interface of A.g, Au, and Cu films,
this work, to the values obtained from the metal-sub-
strate interface, Ref. 5.

Metal-vacuum.
interface

Metal-subs trate
interface

Ag 6907

6328

5770

5461

4358

4047

Au 6328

Cu 6328

-24.32 (g0.29)
+ 0.896i (y0.163)

—19,56 (y0.16)
+ 0.709i (y0.099)

-15,46 (y0, 09)
+ 0.682i (y0.078)

-13.28 (y0.05)
+ 0.543i (y0.066)
-6.542 (y0.013)
+ 0.321i (+0.049)
-4,893 (y0.013)
+ 0..302i (g0.042)

-13.204 (y0.062)
+1.146i (+0.068)
-8.759 (~0.019}
+ 1.373i (+0.065)

-15.-06 (y0.090)
+ 0.850i (+0.065)

-23.40 (y0.28)
+0.864i (+0.066)

-19.02 (g0.18)
+ 0.642i (+0.049)

-15,17 (y0.10)
+ 0.541i (+0.039)

-13.14 (g0.073)
+ 0.446i (+0.031)

-13.34 (+0.075)
+ 0,960i (+0.055)

-15.12 (+0.10)
+ 0.725i (y0.040)

FIG. 4. Effect of. room-temperature annealing on the
optical constants of a Cu film as measured from the
time of growth.

ies. Except for the possibility of a chemisorbed
layer exhibiting a strong optical transition, the
optical perturbations for monolayer coverages are
too weak to alter seriously the measured optical
constants of the parent film. Additionally, the
rapid reaction with 02 exhibited by both our Cu and
A'g films days after growth argues against the ex-
istence of any passivating contaminant.

The results of our measurements are shown in
Table I and are compared to the metal-substrate
values of Ref. 5. The quoted experimental uncer-
tainties were obtained by computing the deviations
in e when the peak position, SPR width, and film
thickness were varied independently, and then tak-
ing the square root of the sum of the squares of
these deviations. Typical uncertainties for posi-
tion and width were of the order of 0.01-0.02 deg,
and a full 10% uncertainty was allowed for the

film thickness, which explains the larger uncer-
tainty in lm(e) quoted for our values. These quoted
uncertainties only reflect our ability to measure
the optical constants of a given film and do not re-
flect the variations in the values obtained on differ-
ent films. For example, three Ag films of nomin-
al thickness 750 A all grown at a rate of = 50 A/
sec yielded values for & at 6328 A of -19.56
+ 0.709i, -19.59 + 0.651i, and -19.96 +0.658i.
Thus it appears that sample- to-sample variation
is the limiting factor in determining the uncertain-
ties in the optical constants. Within this limita-
tion our data suggest that there are no systematic
differences between the optical constants at the two
surfaces of the film.

V. ADSORPTION

A. Submonolayer coverages

We now proceed with a discussion of the nature
of the response of the SPR to films adsorbed on

the metal surface. As mentioned in Sec. II, the
measured shifts in 0„, coupled with the dispersion
relation D4 ——0, determine formally the dielectric .

function of the overlayer as a function of its thick-
ness. For thick overlayers, the dielectric func-
tion and the film thickness are well-defined quan-
tities, and armed with the knowledge of either, the
other can be determined. For chemically or phys-
ically adsorbed overlayers of submonolayer cover-
age, the condition D4 —0 still allows us to assign
coupled numerical values to e3 and d&, however, the
physical meaning of these macroscopic parameters
is uncertain. This uncertainty arises for a variety
of reasons. If the adsorbed layer is inhomogen-
eous, the optical response of ah adsorbed mole-
cule will depend strongly on its local environment
and a homogeneous dielectric function can at best
only represent an unspecj. fied average response.
Even if the adsorbed layer is homogeneous, the
optical response of each adsorbed molecule will
depend upon the optical interactions (Lorentz-
Lorenz corrections) between it and the other ad-
sorbed molecules, leading to an an~sotropic re-
sponse function. Further, the SPR is sensitive
to any changes in optical response in the first few
layers of the metal induced by the bonding with the
adsorbate layer. It is difficult to envision how this
latter effect might be incorporated conveniently
into the framework of an isotropic homogenous
film delineated by mathematically sharp boundar-
ies such as is mandated by the Fresnel relations.
For a further discussion of the problems in defin-
ing effective film parameters, we refer the reader
to the literature. 5 3

In spite of the problems of defining and interpre-
ting film parameters, the measured response of
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the SPR to adsorbates of submonolayer coverage
can yield valuable qualitative information concern-
ing the adsorption process and quantitative infor-
mation in the limit of a dilute physically .adsorbed
overlayer. %e now examine the SPR response by
using the Fresnel relations and by using perturba-
tion theory applied to the scalar equation govern-
ing the propagation of a TM mode in a. waveguide.

Let us consider the condition D4 =0 in detail.
Since the metal film is rather thick, nothing is
lost pedagogically and little numerically by con-
sidering the simpler problem of a thin overlayer
adsorbed on a semi-infinite metal. In the limit
of large d2, the condition D4 ——0 becomes

e3 —1+4vyn, /d, . (23)

In this "dilute- gas" model, X is the microscopic
susceptibility of the adatom in the adsorbed state
and n,/d3 is the number density, where n, is the
number of adatoms/cm2, and d3 is a, measure of
the distance over which X is appreciable. Substi-

(63k2 +E2k3)(64k3 +63k4}+ (Eak2 —e2ks)

&& (e4k, —e,k4) exp(2ik, d, }=0,

where e2, e3, and e4 are, respectively, the dielec-
tric constants of the metal, adsorbed layer, and
vacuum. The solution of Eq. (21) for k„ in the
absence of an adsorbed layer, e3 —e4, is given by
Eq. (2). Treating the adsorbed layer as a weak
optical perturbation so that ~k, ~d, «1 and the shift
ink„, &k„, is small, Eq. (21) can be expanded
to yield

5k, - k, [ik k /(eP +k )](e —e )(z —1)d3/e, (22)

where we have set e4 —1. For a high-Q resonance,
the imaginary parts of k2 and k4 are large com-
pared to their real parts, and since e2 is primarily
negative real, the quantity in brackets is essen-
tially a positive real number. Thus we see tha.'t a
transparent overlayer will change only Re(k„),
while a lossy one will change both Re(k„) and

Im(k„). We note in passing that since Eq. (22) is
quadratic in e3, a measured shift in k„ean be sat-
isified by a pair of values for e, at fixed d3. One
solution corresponds to placing a layer of mole-
cules next to the metal surface, and the other to
degrading the optical response of the metal within
a distance d3 of its surface by lowering slightly the
magnitude of Re(z~). Therefore care must be ex-
ercised inthenumerical solution of D4 —0 to in-
sure that one has obtained the solution of the de-
sired conceptual form.

For a dilute homogeneous adsorbate where the
Lorentz-Lorenz corrections to the local field are
negligible, it seems plausible to assume that

tuting Eq. (23) into Eq. (22), with the restriction
that the second term in Eq. (23) be small, we find
that to lowest order in n„

5k„-k„[ik,k4/(e, k, + k4)](1 —z2}474Xn, . (24}

3H, 5e(z} '" dz ~H~ ~

Rz e(z)~ „e(z)
(25)

where H, is the magnetic field. Although e(z) is
restricted to real values, 5e(z) is not. To the ex-
tent that the adsorption process can be represent-
ed by a homogeneous 5e(z), Eq. (25) can be used
to compute the shifts in the SPR within the limits
imposed by the requirement that the effective
pertu'rbing potential be small. One obtains the
Fresnel results by setting e(z) =e, for z & 0,
e(z) =1 for z & 0, 5e(z) =& for 0 &z d3, and 5e(z)
=0 elsewhere. Evaluation of Eq. (25) shows that
5(k2, ) is proportional to [1 —exp(2ik3d3)], and in the

Thus, in the dilute limit, the measured values of
k„determine the Xn, product. For a physically
adsorbed molecule, the perturbations in the optical
response of the molecule and metal caused by the
bonding process should be small, and the use of
values for X as determined for the molecule in the
gas or liquid phase should yield reliable values for
n, . In contrast, the alterations in the optical re-
sponse of the molecule and metal caused by a chem-
ical bond can be significant, especially if an al-
lowed electronic transition exists in the energy
neighborhood of the SPR, and Eq. (24) cannot be
used to provide estimates of coverage using gas
phase polarizabilities. In fact, the whole model of
confining the changes in optical response assoc-
iated with chemisorption to a film of thj.coyness d
adjacent to an unperturbed metal surface may be
unphysie al.

Some of the difficulties associated with the math-
ematically sharp boundaries inherent in the Fres-
ael treatment can be alleviated by examining di-
rectly the wave equation governing the propagation
of a surface-plasmon wave on a semi-infinite met-
al. It has been shown3' that this equation can be
put in self-adjoint form when the homogeneous di-
electric function e(z) is real. The z coordinate is
perpendicular to the surface. If the wave equation
can be solved for a particular specification of
e(z), standard perturbation theory can be employed
to compute the shifts in k„when e(z) is replaced
by e(z) + 54(z}. The formal expression for the shift
1s



5076 C. F. EAGEN AND W. H. WEBER

lA—I.O-
C

h 6
E0

cv 4
M

Ia

'o

Op ON Ag

I2

coverage the values computed from D4 =0 are less
than those obtained from Eq. (24) and differ by
roughly a factor of 2 at monolayer coverage. A
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limit of Ik3I d3«1 Eq. (24) is obtained if we iden-
tify d; with 4vttn, /d3.

We emphasize that Eqs. (22) and (24) have been
introduced for pedagogical purposes and are not
used to give numerical results. Even for a physi-
cally adsorbed molecule, the mathematical re-
striction of being dilute is quite severe. For ex-
ample, comparing the values of Re(5k„) computed

by means of Eq. (24) and by solving D4 —0 for
physically adsorbed 02 on Ag, 4mx =2.22&&10

cm3 and d3 —4 A, one finds agreement for cover-
ages of less than 0.2 monolayers, but above this
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FIG. 6. Change in the resonance width 4o,' and sur-
face-roughness scattering IS I t from the data in Fig. 5
calculated by means of Kqs. {17)-{20),and a smoothed
trace of the change in peak position 6 (0, ).
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FIG. 5. Response of angle-modulated SPR signals to
a 1-torr exposure of 02 on a clean Ag surface.

Due in part to the ability of oxygen-exposed Ag
surfaces to catalyze the selective oxidation of many
organic molecules, the reaction of 02 with Ag
films, ' ~ powders, 3~'36 polycrystals, 7 and or-
iented single crystals' has received much at-
tention in the literature. Although many of the
studies are at variance, some of the more recent
work suggests that at room temperature 02 can
both adsorb in the molecular state and dissociate
to adsorb in the atomic state. ' The reactivity
of 02 with Ag depends strongly on the cleanliness
of the surface and can be modified by the pread-
sorption of various gases. 3'3 Since our studies
do not incorporate a chemically specific spectro-
scopy, such as Auger electron spectroscopy,
which could establish the cleanliness of the Ag sur-
face and the purity of the oxygen layer, the degree
to which our results represent the reaction of pure
02 with clean Ag is moot. However, all the re-
sults presented were found to reproduce on films
prepared and exposed in identical fashion.

The response of the modulated signals to a 1-
torr exposure of 02 on Ag is shown in Fig. 5. At
time t =0 the gas in the bulb is released into the
chamber through the liquid-nitrogen cold trap.
We calculated exposure pressures using the known
volume ratio of the bulb to the chamber. Starting
from the measured position n and width 4n of the
SPR before exposure the values of Io and I, in Fig.
5 at time f determine the width ba and ~S at
time f via Eqs. (17)-(20) (Fig. 6). Since the ab-
solute value of ~S~ is not determined, it has been
set arbitrarily to 1 at t=0. As can be seen from
the 6(o.„)signal, most of the sorption occurs with-
in the first second or two. The adsorption rate
then slows markedly, with only about a 1/~ in-
crease observed in 6(n ) between t=3 and f =12
min. The correspondingly rapid increase in 4a
indicates that the initial adsorption attenuates the
2-eV surface-plasmon wave. The tendency of the
ho. curve to mimic the 6(o. ) curve suggests that
the 02 adsorbed after 2 sec has an optical response
not dramatically different from that adsorbed dur-
ing the rapid sorption. The invariance of ~S ~

in-
dicates that the adsorbate tends to preserve the
surface topography of the parent Ag film.

After the growth had saturated effectively, the
residual gas was removed. Pumping on the film
for 30 min only reduced 6(o ) by a few percent at
most, indicating that very little of the adsorbate
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FIG. 7. Compilation of the SPR response for various
02 exposures on Cu and Ag. A plot showing the growth
of a Cu-oxide layer at higher values of 6(o.~) and 6{An)
is given in R,ef. 9. The straight line is the extrapolation
of the linear dependence associated with the oxide growth
back into the region of low coverage.

can be removed by pumping for short times. Sub-
sequent exposures at 1 torr produced no further
shifts in 5(n„) or in &o.. When the exposure pres-
sure was increased to 10 torr, 5(n„) exhibited a
substantial increase, tending to saturate after 30
sec with half of the shift occurring in the first 3
sec. Surprisingly, ~n did not increase during
the, 10-torr exposure; in fact, it tended to de-
crease, indicating that. the surface plasmon is
attenuated less on a film exposed at 10 torr than on
one exposed at 1 torr. The fact that the shift in
5(o.„)for 30 sec at 10 torr is substantially greater
than the shift observed for the preceding 5 min at

1 torr indicates that the adsorption is pressure
driven. This observation is consistent with the
data of Czanderna 5 on reduced Ag powders, which
show the mass uptake after 200-min exposures at
11, 1.1, and 4~10 3 to bear the ratios 100:65:50,
respectively. Again, little adsorbate is removed
by pumping for short times, and little is added by
further exposure at 10 torr. At 100 torr the sur-
face is again active, with the shifts occurring over
the first minute after exposure.

This behavior is summarized in Fig. 7, where
we have plotted 5(hn) against 5(n„) for various
exposures. The datum point below 1 torr for film
1 was obtained from the adsorption curve 2 sec
after exposure, Fig. 6. The ttvo points for film 2
are t;he result of a planned exposure at 1 torr when
the valve to the pump was inadvertently left open
and a point from the adsorption curve taken on the
subsequent 1-torr exposure. The shift of point
A to B was obtained by pumping on the film over-
night. The shift from B to C is the result of a
subsequent 100-torr exposure for 20 min. Although
it is clear that the surface must change during the
overnight pumping by either desorbing 02, absorb-
ing 0 into the bulk, or Rearranging to expose ac-
tive sites in order to account for the adsorption
observed the next morning, it is not clear whether
the shift from A to B is a true measure of the
change in optical response of the surface. This is
because the parent film could still be annealing,
and this effect decreases both o, a,nd 4n. How-.

ever, these effects are too slow to account for the
observed decrease in 5(&n) at exposures greater
than 1 torr. It is clear that these shifts signify
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FIG. 8. Physical adsorption of 02 on a Ag film after
the chemisorption of oxygen has saturated. The solid
line represents the shift expected for &(0, ) due to the
presence of a uniform gas of 02 next to the film.
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FIG. 9. Calculated coverage of physically adsorbed
02 on Ag as a function of the thickness d3 used in the
solution of D4= 0.
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a change in the chemical state of the adsorbate
as manifested through its average optical response.
This change in state could be shared by the adsor-
bate as a whole or could represent a change in the
relative population of two adsorption states posses-
sing different optical responses at 2 eV. It is pos-
sible that these shif ts are associated with the for-
mation of a second adsorption layer; however, the
data of Kilty et al.36 suggest that the coverage at
1 torr is of the order of half a monolayer of oxygen
atoms for a (111)surface.

While exposing the film to 100 torr of 0» we
noticed that 5(n ) made a sudden jump increase
upon exposure. Replacing the vacuum value of e4

by a value appropriate for a uniform gas of O2 at
100 torr only accounted for part of the observed
shift. Further, a shift of the same magnitude,
but in the opposite direction, was observed when
the gas was removed. Since no shifts in 4n were
observed, we conclude that the shifts in 5(o }
indicate the presence of a physically adsorbed
layer of 02. These shifts are shown in Fig. 8 as
a function of the equilibrium pressure. These data
represent the average of several exposures on two
films taken after extensive exposure at 100 torr
to insure that the chemisorption was complete.
The solid line represents the shifts expected by
replacing the vacuum e by a value appropriate for
02 gas at the indicated pressure. We tried to ex-
tend this curve to higher pressures using data ob-
tained by growing films without filling the glass
liquid-nitrogen trap. This resulted in nonrepro-
ducible behavior for the chemisorption and often
quenched the physisorption. Assuming that the
atomic susceptibility of an 02 molecule in the phys-
isorbed state does not differ appreciably from its
value in the gaseous state, the shifts in 5(n } can
be translated into values of coverage. Using a
value for 4' of 2.22 X 10 cm and accounting for
the chemisorption shifts by computing an effective
e2 for the metal plus adsorbate, the computed val-
ues of [Re(e3) —1]d/4m)( determine the coverage.
The value for the coverages obtained at the various
exposure pressures plotted against the film thick-
ness assumed to calculate them is shown in Fig.
9. The weak dependence of the coverage on d3 im-
plied by Eq. (24) is clearly evident. Because of
the dilute coverages observed, it is not clear
whether we are observing a density change. of 0,
near the surface, the physical adsorption of 0,
on a chemisorbed layer of oxygen, or the oc-
cupancy of vacant Ag sites where the local config-
uration does not allow the formation of a chemical
bond. However, unless the fractional number of
vacant Ag sites is significantly larger than 7%,
the observed linear dependence of coverage on
pressure would argue against the latter interpre-
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FIG. 10. Coverage dependence of the optical constant
obtained by solving D4= 0 for the low-coverage Cu-oxy-
gen data shown in Fig. 7. The abscissa is in units of
the shift 6 (n~) observed for the 1 ~10 -atoms cm 2

exposure and is a monotonically increasing function of
coverage. The straight lines are obtained by solving
Eq. (24) in the limit of vanishing coverage.

tation.
The reaction of O2 with Cu is stronger than the

reaction of 02 with Ag in that adsorption proceeds
at measurable rates for exposure pressures less
than 10 ' torr, and extensive exposure to 02 re-
sults in the growth of an oxide layer. The rela-
tively high sticking coefficient for 02 on Cu allows
us to estimate our coverages by assuming that all
the 02 admitted by expanding the' gas in the bulb
ultimately is adsorbed by the Cu. The response
of the SPR to an exposure calculated to yield a
coverage of 1&&10'5 atoms cm is shown in Fig. 7.
The points at lower coverage were obtained from
the measured time dependence of 5(n ) and 5n.
Upon exposure at higher pressures, the adsorp-
tion continues with the shifts tending to follow the
dashed line until a new linear dependence is ob-
tained at higher coverages. The solid line is the
extrapolation of- this linear region back to low
coverages. The complete data are shown in Ref.
9. We interpret the low-coverage linear region as
submonolayer and the high-coverage linear de-
pendence as representing the growth of an oxide
layer. The fact that an ordered structure of oxygen
atoms on Cu(111) at 300 K has been observed, 42

corresponding to a coverage of 1.2&&10'5 atoms
cm, tends to confirm this interpretation.

It is interesting to examine the values of the
effective dielectric function obtained from D4 = 0
for the low-coverage linear region. In Fig. 10
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FIG. 11.- Oxide thickness as a function of exposure
time at 21 torr. The thicknesses were determined from
6(0.~) using Be(e»&d,) = 5.28 in D4= 0.

we plot the values of e3 as a function of the ratio
of 5(n„) used to compute e, to 5"(o. ) corresponding
to the 1&&10'~ exposure. This ratio is a monoton-
ically increasing function of coverage. The solid
curves are the real and imaginary parts of e3 com-
puted for d3 ——3 A. The solid straight lines were
computed by means of Eqs. (24) and (23) with

d&
—3 A. With the assumption that 5(n„} and 5(bn)

are proportional to coverage, these lines corres-
pond to a value of (1.1+1.4i) &&10 24 cm' for the
atomic susceptibility of an isolated oxygen atom in
the adsorbed state. The strong dependence of &3

on the assumed value of d3 used in D4 —0 is illus-
trated by the dashed curves which were computed
for d3 —2.5 A. The fact that Re(ea) &1 for d3=3 A
at a concentration of 1 x10'5 implies that the ad-
.sorbate has an electronic resonance near 2 eV.
The behavior of e, as a function of coverage sug-
gests that the width and position of this resonance
are coverage dependent. The photoemission spec-
tra of Tibbetts et al. 3 for oxygen adsorbed at room
temperature on a Cu(100} surface indicate the pres-
ence of a transition near 1.4 eV associated with
the Cu-0 interface. This correspondence to our
results may be fortuitous, as a similar analysis
of our 02 on Ag shifts also leads to a concentration-
dependent resonance; however, these effects are
less pronounced because

l 5(&n}/5(n„}
~

is smaller.
Also, the strength of the concentration dependence
of the resonance can be lessened by assuming a
larger value for d3 for the overlayer.

The interpretation of the high-concentration lin-
ear dependence of 5(4n) on 5(o.„)is less ambiguous
because for an oxide layer one can assume e, to be
constant. The lossy Cu-oxide interface can be
accounted for by defining an effective e2 determin-
ed by o. of the Cu film and a 4n which is the sum
of the clean Cu width and the width defined by the
intercept of the extrapolated oxide response with
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FIG. 12. Strong physical adsorption of 12.5 torr of
1,2-dichloroethane on a room-temperature Ag film
previously exposed to 100 torr of 02.

the 5(bo. ) axis, Fig. 7. Assuming that Re(e3)
=5.28, appropriate for a Cu00 «oxide layer, '4 the
condition D~ =0 determines both d, and Im(es). A

value of Im(e3) =1,22 was obtained for the thickness
range 5-15 A, which encompasses the observed
region of linear dependence of 5(bc. ) on 5(n„). The
determined dependence of 5(n ) on d, can be used
to determine the rate of growth of the oxide layer.
Figure 11 shows the oxide thickness versus ex-
posure time for a second Cu film exposed and
maintained at a pressure of 21 torr. A logarithmic
dependence of thickness on exposure clearly is
evident.

We now estimate the sensitivity limits of the
SPR method to 02 on Ag and Cu. No estimate for
the chemisorbed state of oxygen on Ag can be made
from our data although we have detected and mea-
sured 2% of a monolayer of physisorbed molecules
on the surface. The sensitivity here is limited by
the noise in the 5(n„) signal. We are more sensi-
tive to the presence of 0 atoms adsorbed on Cu be-
cause of the large loss exhibited at 2 eV. Using
our quoted sensitivity of 0.25% for b,n with a 0.1-
sec time constant and assuming that the shifts
5(b,n) in Fig. 6 are proportional to coverage, we
estimate a detectability limit of about 0.6% of a
monolayer of atoms where a monolayer is defined
as one 0 atom for every Cu atom on a (111)surface.

C. I,Z-Dichloroethane

In order to demonstrate the systematic roughen-
ing of a surface, we decided to study the reaction
of Ag with 1, 2-dichloroethane vapor. Because the
C12C2H4 cannot be admitted through a liquid-nitro-
gen trap, we first exposed the Ag to 02 at 100 torr
in the hope that this passivated surface would be
less responsive to residual gas contaminants when
the cold trap was warmed. Thus the chemistry
of the reaction is uncertain and we present the data
at face value.

After extensive exposure to 0&, the liquid-nitro-
gen flask surrounding the glass trap was removed
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and the SPR response was monitored. Just as the
frost left the trap surface, n shifted but ~e did
not. After two hours of pumping, the SPR was still
shifted slightly from its value before the trap was
warmed and 4a had narrowed a few percent, again
indicating that some of the chemisorbed oxygen can
be removed by pumping. When the film was ex-
posed to a few torr of C12C2H4, 6(u„) jumped rapid-
ly and saturated, while no change in 4n was ob-

served. Upon pumping, 5(n ) shifted back to a
value smaller than before the exposure. This be-
havior continued for the next few exposures until
no net shifts in 5(o. }were observed. Since the
final SPR peak position is still shifted slightly from
its value before the trap was warmed, we suspect
that the dichloroethane only caused some of the
contaminants adsorbed from the trap to desorb and
did not remove any of the preadsorbed oxygen.

The results of a 12.5-torr exposure are shown
in Fig. 12. The delayed response'upon opening
the pump valve indicates a measurable lifetime
for the adsorption state of the molecule. By plot-
ting the equilibrium 6(n„) against the exposure
pressure, we obtain the adsorption curve shown in
Fig. 13. The shift due to the background vapor
(solid Line) was calculated usina the refractive
index of 1.448 for the liquid and defining a molecu-
lar polarizability by partitioning the liquid suscep-
tibility equally among the molecules. A crude esti-
mate of coverage can be obtained by assuming a
spherical molecule with a diameter of =6 A as cal-
culated from the liquid density. Then, an exposure
pressure of = 20 torr produces a shift which cor-
responds to a close-packed layer of dichloroethane
"spheres". We therefore suspect that the marked
curvature at a few torr may be associated with the
completion of the first and the formation of the
second adsorption layer. It is clear that a fair
fraction of a monolayer is adsorbed at pressures
less than 1 torr.

A strong physical adsorption is not the only re-
action of dichloroethane with oxygen-passivated Ag
surfaces at room temperature. After completing
the adsorption measurements, we pumped on the
film overnight. The next morning, we found the
SPR significantly shifted and broadened, and that
the scattered-light intensity had increased by at
least an order of magnitude. These effects are
presumably associated with trace amounts of di-
chloroethane left on the surface. These effects can
be enhanced by r'eacting dichloroethane with a
warm Ag surface. After growth at room tempera-
ture and exposure to 02, we warmed the film by
heating the entire sample chamber to =95'C. At
this elevated temperature, little changes in the
SPR was observed when the cold trap was removed.
The film was now exposed to 1 torr of dichloroeth-
ane. The SPR response is shown in Fig. 14. Note
the rapid uptake in correspondence with the physi-
cal adsorption observed at room temperature;
however, 5(n ) does not saturate, instead it con-
tinues to increase. The 4n signal changes little,
indicating ej.ther that the new adsorbate is not ab-
sorptive at low coverages or that a compensating
change in state of the preadsorbed oxygen is oc-
curing. The most dramatic effect is seen in the
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2 Im(k„) = l ' + l ', (26)

where lr and l& are the attenuation lengths associ-
ated with the intrinsic and roughness losses of the
metal [see Eq. (11)j. We now assume that the only

~S ~
signal, which steadily increases after expos-

ure, indicating an increase in the surface rough-
ness. After 9 min, we evacuated the chamber.
Note that residual amounts of dichloroethane cause
~S ~

and 5(n„) to continue to increase. Subsequent
exposures in the low-torr range further roughened
the surface and broadened the resonance. Af-
ter combined exposures totalling 3 torr-h,
we obtained the values 6(n ) =0.185 deg, 6(ho. ) =
=0.06deg, and ~S

~

=65. Although we have no

knowledge of the detailed reactions taking place on

the surface, it is clear that the surface topography
is altered dramatically.

The measured increase in the surface-rough-
ness scattering due to the reaction with dichlor-
oethane can be used to establish an upper
limit for the surface-roughness scattering contri-
bution to the SPR width of the preexposed film.
The quantity [2 Im(k„)] ' is the attenuation length
of a surface plasmon. Assuming that the intrinsic
loss processes and the roughness-scattering loss-
es are independent, we have

effect of exposing to dichloroethane is to roughen
the surface so that the increased width of the SPR
represents radiation damping. Since (1/ls) is the

energy radiated per unit distance traveled by the
surface plasmon, we know that l& decreases by a
factor of = 65.providing the intensity radiated along
the film normal is proportional to the total radi-
ated intensity. Solving simultaneously the equa-
tions valid before and after the exposure and using
the measured values of k„, we obtain

I '/l ' & 0.01, (27)

where E& is the preexposed attenuation length. One
can also compare the width after dichloroethane
exposure to the width before 02 exposure. This
increases the right-hand. side of the inequality by
a factor of 1.5. Thus we conclude that the surface-
roughness scattering contributions to our optical
constants for the clean films are negligible.
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