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VIBRATIONAL LINEWIDTHS OF ADSORBED MOLECULES 

BY INFRARED EMISSION SPECTROSCOPY 

Roger G. Tobin 

ABSTRACT 

Two experiments are described, each of which uses an unusual 

spectroscopic technique to investigate the vibrational properties of 

adsorbed molecules on metal surfaces. 

Infrared emission spectroscopy is the only experimental tec~nique 

capable of high resolution vibrational studies of adsorbates on well 

characterized single-crystal metal surfaces in the frequency range 
( 

below 1000 cm-1. The present work reports the first measurement of 

the linewidth of the C-Pt stretching vibration of CO on Pt(111), and 

the first detailed investigation of any molecule-substrate vibra-

tional mode. The linewidth has been studied at sample temperatures 

between 275 and 400 K, and the variations are found to be signifi-

cantly less than predicted by theories of lifetime broadening. Based 

on this fact, and the observed asymmetry of the line shape, it is 

concluded that the linewidth is predominantly inhomogeneous. The 

O-Pt stretching vibration of atomic oxygen 9n Pt(111) has also been 

observed. 

The technique of infrared direct absorption spectroscopy is 

particularly well suited to observations of adsorbates on thin films 

at low temperature. It has been used to make an extensive study of 



the C=O stretching vibration of CO on evaporated Ag, Au, and Cu 

films at 2 K. The adsorption behavior is found to depend strongly on 

the deposition temperature of the film. An investigation of the 

shift of the C=O frequency with CO exposure reveals both chemical and 

dynamic interactions between the molecules. No evidence is found for 

an enhancement of the infrared polarizability analogous to the Raman 

enhancement at .'active sites' proposed in some theories of Surface 

Enhanced Raman Scattering. 
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CHAPTER I 

Introduction 

This work discusses two studies of the vibrational spectra of 

molecules chemisorbed on metal surfaces, by means of two novel 

spectroscopic techniques, infrared emission spectroscopy and infrared 

direct absorption spectroscopy. Both of these techniques are 

relatively new to the field of surface science, and the experiments 

described here are perhaps the best demonstration to date of their 

unique and complementary capabilities. 

The emission experiments center on a study of the carbon-platinum 

stretching mode of CO on Pt( 111), and are discussed in Chapters 

II-V. These experiments represent the first detailed investigation 

of the adsorbate-substrate mode of a molecular adsorbate on a well 

characterized, single crystal surface. Such modes are of particular 

significance in surface physics and chemistry. I have measured the 

linewidth and line shape of the C-Pt mode in the temperature range of 

275-400 K, in order to determine the dominant line-broadening 

mechanism for this system. Chapter II contains a detailed discussion 

of the state of understanding of vibrational line-broadening mecha

nisms, including a discussion of the experimental difficulties of 

distinguishing the different processes, and of the experimental data 

available to date. The emission apparatus is described in Chapter 

III, with particular emphasis on the infrared spectroscopic system. 

The experimental results are presented in Chapter IV. Data on the 



systems of CO on Ni(100) and 0 on Pt(111) are briefly describedi and 

the system of CO on Pt(J 11) is examined in detail. Chapter V 

summarizes the conclusions of the study. 

The direct absorption technique was used to study the intramole

cular C=O stretching vibration of CO adsorbed at 2 K on evaporated 

noble metal films. Such films are of particular interest because of 

their role in Surface Enhanced Raman Spectroscopy (SERS). The 

infrared absorption experiments, discussed in Chap. VI, deal with the 

dependence of the film structure on deposition temperature, the 

nature of adsorbate-adsorbate interactions, and the question of 

infrared absorption enhancement on rough films. The spectral 

measurements were carried out by Dr. Paul Dumas; I was primarily 

responsible for the planning of the experiments and the analysis and 

interpretation of the results. 

Vibrational Spectroscopy 

Among the numerous experimental techniques available for the 

study of solid surfaces and adsorption systems, vibrational spec

troscopy has established itself as a method of great utility1. It is 

well sui ted for determining the identities and concentrations of 

surface species, and can give valuable insights into bond strengths 

and lengths. Under certain circumstances, structural information 

derived from vibrational spectra is an important supplement to other 

structure-sensitive probes. Most importantly for this work, vibra

tional spectra probe the dynamics of adsorbate-surface and adsorbate-
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adsorbate interactions in an energy range inaccessible to other 

experimental techniques. 

Electron energy loss spectroscopy (EELS) is the most common type 

of surface vibrational spectroscopy2. Because of the very short mean 

free path of low energy electrons in a solid3, EELS is extremely 

surface specific. It is capable of detecting· modes that interact 

only weakly with the field of the incident electron. Because of this 

sensitivity, and because a large spectral range (-200-4000 cm-1) can 

be scanned in a single experiment, EELS is particularly useful in the 

identification of surface species, and in the determination of 

bonding geometries. In addition, because the electrons carry 

significant momentum (compared with the surface Brillouin zone), EELS 

can study vibrational excitations at finite k-vector. Measurements 

of surface phonon dispersion curves4 by EELS represent an important 

contribution to the understanding of surface dynamics. 

An important limitation of EELS is its resolution. The best 

electron spectrometers are capable of 30 cm-1 resolution, while 

70 cm-1 is more typical5. Adsorbate vibrational linewidths, isotope 

shifts, and frequency shifts with coverage are often much smaller, 

and so go undetected by EELS. Much better resolution (1-10 cm-1) can 

be achieved by using photons, rather than electrons, as a probe, at 

the expense of the high surface sensitivity of EELS. Although a 

variety of techniques exist, the most straightforward, and the most 

productive, to date, is infrared spectroscopy. Because of the 

reduced sensitivity, the infrared spectroscopist must ordinarily 

3 



focus on a relatively small spectral region, sacrificing the broad 

range of EELS. A lesser sacrifice is that, because photons carry 

essentially zero momentum, only k=O modes can be excited. 

Despite these drawbagks, there has. been a steady interest in 

infrared surface ~pectroscopy6;because the information provided by a 

high resolution spectroscopy is worth the price paid in sensitivity. 

The experiments described here depend on that high resolution. 

Emission and Absorption Spectroscopy 

The sensitivity of the most common type of infrared surface 

spectroscopy, reflection-absorption infrared (HAIR) spectroscopy7 is 

limited by the background from highly reflective metal samples. The 

techniques used here avoid that background by directly measuring the 

power absorbed in, or emitted by the sample, as I discuss in Chapter 

III. ., 

Direct absorption spectroscopy requires samples of very low heat 

capacity, and at low temperatures. Unlike HAIR, it does not require 

a smooth surface. It is therefore well sui ted to low temperature 

adsorption studies on thin metal films, which are often rough. The 

experiments in Chapter VI exploit these capabilities in a study of 

adsorption on evaporated noble metal films. 

The infrared emission technique ·used in the measurements 

described here is the first to be capable of high resolution measure

ments of surface vibrations at frequencies below 1000 cm-1. HAIR and 

direct absorption experiments have been limited to date to higher 

frequencies, primarily because the ambient 300 K background radiation 
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becomes comparable to that from conventional thermal 'sources below 

1000 cm-1. Many intramolecular vibrations lie in the range above 

1000 cm-1, but most adsorbate-substrate modes have lower frequen

cies. The adsorbate-substrate modes are of special interest, since 

they play the central role in such crucial processes as sticking and 

desorption. 

In the remainder of this chapter, I will briefly describe the use 

of frequency shifts of intramolecular vibrations to study interadsor

bate interactions, and the study of adsorbate-substrate vibrational 

linewidths as a possible probe of energy relaxation rates. These 

examples typify the types of investigation described in this work. 

Frequency Shifts 

It is found. in infrared studies of chemisorbed CO that the 

frequency of the C=O stretch vibration shifts as the coverage of CO 

on the surface is varied8, sometimes by as much as 90-100 cm-1. The 

shift is due to interactions between the adsorbed molecules. By 

mixing different isotopes in the overlayer, it is possible to 

separate two effects--a dynamic interaction, due to the electromag

netic coupling of the molecules, and a chemical interaction, due to 

the effect of an adsorbate on. the bonding of a nearby moleculeS • 9. 

The experiments discussed in Chapter VI offer an example of this 

method of extracting dynamical information from the study of intra

molecular modes. In addition, variations of the 'C=O stretch signal 

with other parameters, such as the deposition temperature of the 

5 



film, give insight into the nature of the substrate and its interac

tions with the adsorbate. 

Vibrational Linewidths 

One of the most striking features of adsorbate .vibrational 

spectra is the large widths of the vibrational lines. For example, 

the C=O stretching vibration of chemisorbed CO typically has a 

linewidth of.-10 cm-1, some 1010 times greater than its natural 

linewidth in the gas phase. The reason for these large linewidths is 

a matter. of great interest, in part because of 'the possibility that 

linewidths are determined primarily by the fin! te lifetime of the 

vibrationally excited state. ·In that case, infrared spectroscopy 

offers the prospect of a static measurement that provides information 

about adsorbate-substrate energy transfer processes that occur on a 

picosecond time scale. These processes play an essential. role in 

sticking, desorption, surface scattering, and surface chemistry. 

It is certain that in many cases the linewidths of vibrational 

modes are determined by other effects, so that. inferences of decay 

rates from linewidths cannot be justified. Even when inhomogeneous 

broadening dominates, however, high resolution measurements of 

vibrational line shapes often provide useful information about 

surface ordering and inter-adsorbate interactions10,11,12. 

The experiments described in Chapter IV represent an attempt to 

determine the line-broadening mechanism for certain adsorbate-sub

strate vibrations, particularly that of CO on Pt(111)~ Other aspects 

of this adsorption system are also discussed. 

6 



.... 

... 

REFERENCES 

1. R. F. Willis, in Vibrational Spectroscopy of Adsorbates, edited 

by R. F. Willis, (Springer Verlag, Berlin, 1980), pp. 1-5 • 

2. H. Ibach and D. L. Mills~ Electron Energy Loss Spectroscopy and 

Surface Vibrations, (Academic Press, New York, 1982), pp. 1-15. 

3. G. A. Somorjai, Chemistry in Two Dimensions: Surfaces(Cornell 

University Press, Ithaca, NY, 1981), pp. 40-42. 

4. H. Ibach and D. L. Mills, Electron Energy Loss Spectroscopy and 

Surface Vibrations, (Academic Press, New York, 1982), pp. 260-268. 

5. H. Ibach and D. L. Mills, Electron Energy Loss Spectroscopy and 

Surface Vibrations, (Academic Press, New York, 1982), p. 17. 

6. J. Darville, J. Electron Spectrosc. and Relat. Phenom. 30, 247 

(1983). 

7. F. M. Hoffmann, Surf. Sci. Rep. 3, 107 (1983). 

8. D. A. King, in Vibrational Spectroscopy of Adsorbates, edited by 

R. F. Willis, (Springer Verlag, Berlin, 1980), pp. 179-183 • 

9. R. A. Hammaker, S. A. Francis, and R. P. Eischens, Spectro

chim. Acta 21, 1295 (1965). 

7 



10. H. Pfnur, D. Menzel, F. M. Hoffmann, A. Ortega, and 

A. M. Bradshaw, Surf. Sci. 93, 431 (1980). 

11. R. G. Tobin, S. Chiang, P. A. Thiel, and P. L. Richards, 

Surf. Sci. 140, 393 (1984). 

12. B. E. Hayden, K. Kretzschmar, and A. M. Bradshaw, 

Surf. Sci. 155, 553 (1985). 

8 

. ... 

\o' 



Introduction 

CHAPTER II 

Vibrational Linewidths 

In this chapter I will discuss the various line-broadening 

mechanisms that are thought to be important for adsorbate vibra-

tions. I will describe the state of theoretical understanding of 

the various processes, indicating the physical regimes or experimen

tal situations in which each is expected to be important. The 

following section will discuss previous experimental work on line

widths, with emphasis on the importance, and also the difficulty, of 

identifying the line-broadening mechanism that dominates in a 

particular case. The chapter will conclude by focusing on the 

linewidths of low frequency, adsorbate-substrate modes, which may 

contain important information, but which have received very little 

experimental attention. 

The mechanisms that broaden an observed vibrational line can 

be broadly classified as instrumental, homogeneous, and inhomo-

geneous. The causes of homogeneous broadening can be further 

divided into those that involve the transfer of energy out of the 

mode being observed into other excitation (lifetime broadening), 

and those that involve disruption of the phase coherence of the 

mode without energy transfer ( dephasing). An excellent review of 

line-broadening mechanisms, with special emphasis on lifetime 

broadening and dephasing, is given by Gadzuk and Luntz1. 

9 
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Instrumental Broadening 

Instrumental broadening is not a significant factor in the 

linewidth studies discussed in this work. Most infrared spectrom- ,... 

eters readily achieve the resolution (1-5 cm-1) required to resolve 

' 
adsorbate vibrational modes, which typically have linewidths of 

5-30 cm-1 • Electron energy loss spectroscopy (EELS), on the other 

hand, achieves 30 cm-1 resolution only with great difficulty; 70 cm-1 

is more typical2. The superior resolution of IR spectroscopy is one 

of the major motivations for IR surface studies, offsetting the 

advantages of EELS in surface sensitivity, spectral range, and 

convenience. 

Lifetime Broadening 

Much of the interest in adsorbate vibrational linewidths is 

based on the belief, or the hope, that they are homogeneous--at least 

under. carefully controlled conditions--and dominated by lifetime 

broadening. If that is the case, then the 1-inewidth contains 

information regarding the rate of energy transfer between the 

adsorbate and the substrate. This rate is clearly of fundamental 

importance. Moreover, its calculation, while difficult, is theoret-

ically tractable, at least in certain limits. 

The vibrational decay process is normally characterized by the 

type of excitation that is created to carry off the vibrational 

energy. The most important ones are photons, phonons, other adsor-

bate vibrational modes, and electron-hole pairs (for metal sub-

strates). 



Radiative decay is entirely negligible as a mechanism of line

broadening. A simple estimate of the radiative lifetime of the 

C=O stretch mode of CO--which has a rather high oscillator strength-

using a charged harmonic oscillator model, gives a value of 10-1 s. 

The lifetimes implied by adsorbate vibrational linewidths are some 

1010 times shorter. This enormous disparity between radiative and 

non-radiative relaxation rates has the important consequence that i~ 

makes excite-and-probe experiments very difficult. The IR emission 

experiment described in this work is feasible because the sample is 

in thermal equilibrium. The principle of detailed balance insures 

that the rate of photon emission is unaffected by the existence of 

competing non-radiative decay channels. A non-equilibrium experiment 

involving the generation of a population of vibrationally excited 

molecules, and the detection of the emit ted photons as the system 

relaxed into equilibrium, would suffer greatly from the low effi

ciency of the radiative channel. 

The role of substrate phonons in vibrational decay is of much 

greater importance, but it has received little theoretical attention 

until very recently, with the availability of experimental linewidth 

measurements at low frequencies. Metiu and Palke3, in one of the 

earliest attempts to account for adsorbate vibrational linewidths, 

estimated the phonon contribution to the linewidth of the C=O stretch 

mode of adsorbed CO. They found the process of decay by phonon 

emission to be insignificant. Tully, et al.4, in a much more 

sophisticated calculation for H on Si( 100), arrived at the same 

' 11 



conclusion. This result is due primarily to the energy mismatch: 

the vibrational frequencies are -2000 cm-1, while typical maximum 

phonon frequenc ies4 • 5 • 6 are 200-500 cm-1. The very high order 

process of 5- to 10-phonon emission occurs only at a very slow rate. 

At lower frequencies, where decay into one, two, or three phonons is 

energetically possible, the process could contribute significantly to 

vibrational linewidths. 

Following the publication7 of the linewidth of the C-Ni stretch 

mode for CO on Ni( 100), which will be discussed in Chap. IV, the 

problem of phonon-mediated decay was taken up by Persson8 and by 

Ariyasu, et al.9,10, Persson used a very simple model to show that 

a two-phonon process could give linewidths at least as great as the 

observed value, and that three-phonon decay and dephasing should be 

unimportant. He treated the case of an atomic adsorbate coupled to 

the substrate by a one-dimensional Morse potential, and assumed a 

Debye model for the substrate phonons. The decay rates due to two-

and three-phonon decay processes were then computed in a straight-

forward Golden Rule formalism. The result for the two-phonon process 

was: 

where: 

91T 
2 

(.]!L_) (-}.1-) 2 G J2(G,T) 
E0 M 

o3 
-w-(~0-_-w~)- p(w)p(G-w)(1+<nw>)(1+<no-w>) dw 

( 1 ) 

(2) 
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In these expressions, Q is the vibrational frequency, E0 is the 

binding energy of the adsorbate, ~ is the reduced mass of the mode, M 

is the mass of a substrate atom, p ( w) is the bulk phonon density of 

states, which in a Debye model is p(w)=(3/wp)(w/wp)2 for w<wp and 

zero for w>wp, and <nw> is the average occupation number for a phonon 

with frequency w, at temperature T. A similar expression, involving 

an additional power of (fiQ/Eo)(~/M), and a more complicated integral, 

can be derived for the three-phonon contribution. 

In order to indicate roughly the dependence of the linewidth on 

the vibrational frequency, Q, I have calculated the t'wo- and three

phonon linewidth contributions, as well as the dephasing contribu

tion, which will be discussed below, using parameters for CO on 

Ni ( 1 00) but allowing Q to vary freely. The res.ults are shown in 

Fig. II-1. Given the approximations inherent in the model, one 

should not take the numerical values of r too seriously, except to 

note that they are substantial. In fact, as we will see, they are 

far too high. The trends shown are interesting, however. Of 

particular note is the fact that the three-phonon linewidths for 

2wp<11<3wp are not very much smaller than the two-phonon linewidths 

for lower frequencies. The additional powers of the small parameters 

(fiQ/Eo) and ( ~/M) are largely offset by the increased phase space 

volume accessible to the three-phonon process. Also of note is the 

predominance of dephasing for 0>2wp; however, the dephasing estimate 

is less reliable than the lifetime estimates. 

13 
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Fig. II-1. Two-phonon, three-phonon, and dephasing contributions to 
the linewidth of the C-Ni stretching mode of CO on Ni(100), with the 
vibrational frequency as an adjustable parameter, calculated using 
the theory of Persson8 with a Debye model for the substrate phonons. 
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This rough, but intuitive treatment of the problem is useful, 

but much more detailed calculations are needed for comparison with 

experiment. Ar iyasu, et al., performed a highly sophisticated 

calculation, with no adjustable parameters, of the two-phonon 

contribution to the linewidth for oxygen and sulfur on Ni(100) and 

(111) and for CO on Ni(100). In each case, linewidths of -10 cm-1 

were found, and their value for CO was in close agreement with that 

observed, (see Chap. IV). Thus it is clear that phonon-mediated 

lifetime broadening is likely to be a very significant process for 

modes with vibrational frequencies less than two or three times the 

maximum substrate phonon frequency. 

The de-excitation of a vibrational mode by the excitation of 

other adsorbate vibrational modes, accompanied by the emission or 

absorption of one or more substrate phonons, is a process that h~s 

received relatively little at tent ion. It is difficult to explore 

experimentally, since the frequencies of all the modes are rarely 

known, and cannot be determined with IR spectroscopy due to the 

surface selection rule11. The process can be treated theoretically 

only in a full dynamical calculation such as that carried out by 

Ar iyasu, et al. . Nevertheless, it may be an important process to 

consider, particularly if the homogeneous linewidth seems anomalously 

large. For example, Andersson, et al. 12, using EELS, deduced a 

linewidth of 40 cm-1 for p(2 x 2)0 on Ni(100), even though the 

vibrational frequency is so high that two-phonon decay has almost 

zero probability9. Ariyasu, et al.10, were able to account for the 

15 



linewidth by including coupling to other vibrational modes of the 

adsorbed atom. 

On insulating substrates, vibrational excitations of the sub

strate and the adsorbate are the·only available channels of·non-rad

iative decay at" infrared frequencies, and must dominate the life

time. Their linewidth contribution decreases rapidly with increasing 

frequency--exponentially in the number of phonons, for phonon-media

ted decay1 ,10--so that high frequency modes on insulating substrates 

are rarely, if ever, lifetime broadened. On metallic substrates, 

however, electron-hole pairs of arbitrary energy can be generated, 

providing an additional decay channel. 

Calculation of the electron-hole pair contribution has proved to 

be difficult. A good discussion of the problem is given by Avouris 

and Persson 13. A complete treatment requires inclusion of the 

dynamics of charge transfer between.the adsorbate and the substrate, 

the non-local dielectric respons~ of the metal, and the effects of 

the continuous boundary between the metal and the vacuum13,14. The 

most complete calculation to date is by Persson and Hellsing 15 for 

hydrogen on jellium. Their results improve on those of Br i v io 

and Grimley 16 by including a better description of the metal. The 

only directly applicable experimental data are those of Chabal and 

Sievers17 for H on W(100). Recently, however, in a new experiment, 

Chabal18 has found that measurement to be in error, and that the 

actual vibrational linewidth of 100 cm--1 is not lifetime-dominated. 

Thus there is currently no good experimental test of the predictions 
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of the theory. A number of authors19,20,21 ,22 have treated the metal 

in varying degrees of detail, but failed to include charge transfer 

effects in describing the interaction between the excited molecule 

and the electron gas, and so could not obtain realistic results • 

Persson and Persson23 have emphasized the role of adsorbate

induced resonances in the electronic density of states at the Fermi 

level. In the most commonly accepted model for CO chemisorption24, 

(see Chap. VI), the antibonding 21r* orbital of the molecule is 

broadened and lowered in energy by the interaction with the metal, 

and in the chemisorbed state is partially occupied by electrons 

transferred from the metal. The existence of this partially filled 

orbital has been confirmed for CO both theoretically25,26 and 

experimentally27,28. 

When the molecule is vibrationally excited, the orbital is 

perturbed by the changes in the nuclear positions of the atoms, and 

its occupation varies at the vibrational frequency. The variation in 

the occupation of the orbital represents a resonant dynamic transfer 

of charge between the metal and the molecule, and has two observable 

effects. It enhances the dynamic dipole moment, and thus the 

oscillator strength, of the vibrational mode. In addition, it 

enhances the coupling of the vibrational motion to the electrons in 

the metal, and thereby increases the rate of energy transfer. 

Because of its role in damping the motion of the adsorbate, the 

partially filled resonance can play an important role in the sticking 

process29 by providing a channel for the dissipation of the chemisor-
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ption energy. As a result, the existence of such a resonance in the 

chemisorbed state is likely to be a typical occurrence, rather than 

an anomalous characteristic of CO. 

A detailed calculation of the linewidth contribution· due to 

electron-hole pair generation mediated by such a resonance does not 

yet seem to be practical, but Persson and Persson 19 have made a 

semi-empirical estimate for the C=O stretch mode of CO on Cu(100). 

They express the linewidth in the following form: 

2 
(3) 

where Q is the vibrational frequency, 1 is the vibrational lifetime, 

and ona is the fluctuation in the number of electrons occupying the 

orbital during one vibrational cycle. They estimate ona by relating 

it to the enhancement of the vibrational polarizability for adsorbed 

CO, compared with that for gas phase CO. They arrive at a value for 

1 of 1 • 8 x 1 o-12 s, compared with the value of 3 ± X 10-12 S 

implied by the experimental linewidth. It thus appears that the 

electron-hole pair mechanism, with the enhancement provided by an 

adsorbate-induced resonance at the Fermi level, can provide a 

lifetime contribution to the linewidth sufficient to explain the 

experimentally observed values, at least in certain cases. 

Inspection of Eq. (3) reveals two interesting aspects of this 

mechanism. First, the decay rate, and thus the linewidth, is 

proportional to the vibrational frequency. This dependence is easy 

to understand; it represents the volume of k-space about the Fermi 
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surface within which electron-hole pairs can be excited. Second, the 

linewidth depends strongly on ona, which in turn is related to the 

vibrational polarizabili ty, or oscillator strength, of the mode. 

Thus the excitation of electron-hole pairs will contribute substan-

tially to the linewidth primarily for strong, relatively high 

frequency modes, such as the C=O stretch mode mentioned above. For 

the carbon-metal mode, for example, which is at much lower frequency 

and is much weaker, electron-hole pair excitation should be 

negligible. 

Dephasing 

In addition to lifetime broadening, dephasing can provide a 

substantial contribution to the homogeneous linewidth. The process 

of phase relaxation is well known in other fields, including magnetic 

resonance and spectra of defects in crystals. Gadzuk and Luntz 1 

provide a review of some of the literature, and an excellent summary 

of the concepts and formalism. 

Persson's model8 for phonon broadening can also be used to 

estimate the dephasing contribution to the linewidth, for the 

adsorbate-substrate mode coupled to the phonons. In this model, the 

dephasing process is regarded as an elastic collision in which a 

phonon seat ters off the vibrating molecule. disrupting its phase 

without changing its energy. The resulting expression for the 

linewidth, in the notation of Eq. (1), is: 

y ( lj ) 



where 

K 
4411r 

128 
( 5) 

A plot of- the dephasing linewidth as a function of frequency is 

included in Fig. II-1, with the other parameters fixed at the value 

for CO on Ni ( 100). Inspection of Eq. ( 4) reveals the o6 dependence 

seen in Fig. II-1. However, the identification of the process 

described by Eq. (4) with dephasing is not obvious. Furthermore, Eq. 

(4) seems to overlook the possibility that the phase shift per 

collision, as well as the collision rate, may vary with frequency. 

One might well expect that the collision strength would diminish for 

Another shortcoming of the model is that it overlooks 

coupling to other modes, and is not appropriate for describing the 

dephasing of intramolecular modes. It is, however, the only general 

treatment of the dephasing of low frequency adsorbate-substrate modes 

available. 

Other work on vibrational dephasing has dealt with modes at 
- . 

frequencies much greater than phonon frequencies. In these cases, 

dephasing is most often dominated by a single adsorbate vibrational 

mode at lower frequency, which is strongly ~amped by coupling to 

substrate phonons3°. The excitation of the low-lying mode, of 

frequency wo--frequently a frustrated translation or rotation of the 

molecule--modulates the resonant frequency, o, of the high frequency 

mode. That frequency is very sensitive to the location of the 

molecule parallel to the surface. As a result30, the high frequency 
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mode is broadened and shifted by an amount 60. As the tempera-

ture of the sample is increased, increasing the population of the 

low frequency mode, both the linewidth and the frequency of the high 

frequency mode will change. The analysis, based on work by Shelby, 

et al. 31 , has been carried out in detail by Persson and Ryberg30. In 

the low temperature limit, fiwo/kT»1, the linewidth and shift have 

the form of an activated process: 

y = 2 
602 E e-fiwo/kT ( 6) 

602+£2 

llO 
£2 60 e-fiwo/kT (7) 

602+£2 

while at high temperatures, 

(8) 

( 9) 

In these expressions, £ is a parameter characterizing the damping of 

the low frequency mode by phonon emission. At intermediate tempera-

tures the line shape must be calculated numerically. In general, £ 

and 60 are not known; they can be obtained only with full lattice 

dynamics calculations, although rough estimates of £ can be made, 

based, for example, on Persson's model for phonon damping8. In 

practice, however, £, 60, and w0 are often treated as adjustable 

parameters in fitting experimental data30, 32. I will discuss the 

success of this model in explaining experimental linewidths in the 

next section. 
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Tully, et al. 4, have taken another approach to the problem, 
I 

treating the dephasing of the Si-H stretch vibration.of .Si(100)-

(2 x 1)H with a molecular dynamics simulation. This approach entails 

many important approximations, but it involves no adjustable param-

eters. All of the vibrational modes and their couplings are in-

eluded, but it is found that a single mode (the Si-H bending mode) 

dominates the dephasing process. 

Inhomogeneous Broadening 

Only a few workers33 ,34 • 35 have made estimates of inhomogeneous 

broadening, despite its undoubted importance in many experimental 

situations. In each case, the analysis has dealt with incomplete 

monolayers, in which variations in local environment, ·and thus in the 

degree of dipolar coupling to nearby molecules, cause the adsorbed 

molecules to have a range of vibrational frequencies, resulting in a 

broadened, and usually asy1lliiletric infrared band. As Gadzuk and 

Lun tz 1 have pointed out, the inhomogeneous contribution for com-

plete, well ordered overlayers is unknown~ 

In the ideal case of a perfectly clean, atomically flat surface 

of infinite extent covered with a defect-free, single domain ordered 

overlayer, no inhomogeneous effects are expected. Real substrates 

are finite, and always contain a finite density of defect sites and 

contaminants, which are likely to perturb the local chemistry, and 

therefore the vibra~ional frequency of nearby adsorbates. Moreover, 

adsorbate overlayers generally consist of many domains, and molecules 

at or near domain boundaries will experience different dipole 
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interactions~ as well as different static lateral interactions, from 

those adsorbed far from the boundaries. The result of either type of 

inhomogeneous effect will be a broadened, and possibly skewed 

vibrational line, but neither the linewidth nor the line shape can be 

predicted1• 

Experimental Considerations 

It is difficult to determine experimentally the dominant broaden

ing mechanism for a given line. The exclusion of inhomogeneous 

broadening is particularly problematic. In some instances36 it has 

simply been assumed that observed linewidths are due to lifetime 

broadening. This point of view is being increasingly questioned. In 

this section, I will discuss various means of distinguishing the 

various line-broadening mechanisms, and particularly of identifying 

or avoiding inhomogeneous effects. As we will see, the situation is 

far from satisfactory. This discussion will include, and expand upon 

the summary given by Gadzuk and Luntz1. 

At a minimum, it is essential to work on systems as well charac

terized as possible: smooth, uncontaminated surfaces, as determined 

by x-ray diffraction and Auger electron spectroscopy (AES) and 

ordered adsorbate overlayers, as determined by low energy electron 

diffraction (LEED). It is well known that contamination37 and 

disorder34 '37 can introduce inhomogeneous broadening, though they do 

not always necessarily do so7. Even in the best characterized 

system, however, the possibility of inhomogeneous broadening remains, 
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and other means of isolating the homogeneous contribution· must be 

found. 

The shape of a vibrational band may give a clue to its origins. 

Inhomogeneously broadened lines are often asymmetric33 • 34 • 37, and it 

is generally assumed1 that, if they are symmetric, the line shape 

will be Gaussian. Homogeneous broadening, by contrast, is generally 

believed .to give .a .Lorentzian line shape1 •. Distinguishing between a 

Gaussian and a Lorentzian experimentally is quite diffioult, as the 

two differ significantly only in the wings of the line, where 

baseline inaccuracies can cause significant distortion. Ryberg38 has 

claimed that the line shape for the C=O stretch mode of CO on Cu(1 00) 

fits a Lorentzian significantly better than a Gaussian, and can thus 

be taken _to be homogeneous. The situation is complicated, however, 

by the fact that Metiu39 and Langreth40 have predicted asymmetric 

line shapes for broadening by phonons and electron-hole pairs, 

respectively. Recently, Chabal41 has fit ted the line shape of the 

first overtone of the wagging mode of H on W(100) using Langreth's 

theory, and concludes that this mode is damped by electron-hole.pair 

generation. 

The mass dependence of various line-broadening mechanisms can 

provide a tool for distinguishing among them, since isotopic sub

stitution allows the mass of an adsorbate to be changed without 

affecting the chemistry. Unfortunately, the. nature of the isotope 

effect for various mechanisms is controversial and complex 1 . For 
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example, consider Persson's expression for the two-phonon linewidth, 

[Eq. (1)]. The mass dependence can be characterized by the quantity 

a = olnY 
aln).l 

3 
""'T 

1 
"2 ( 1 0) 

where the Jl-1 12 dependence of n has been taken into account. This 

quantity, a, varies from 0.3 to 2.5 in the frequency range 

~<ll<1 .8Wp, for fiWplkT=1. Thus, depending on the system, the mass 

dependence can be very weak, or very strong. 

Persson's expression, [Eq. (4)] for the dephasing contribution 

to the linewidth provides the straightforward prediction a=-1, while 

the more complicated model represented by Eqs. (6)-(9) does not 

permit an easy estimate of the mass dependence. A value of -1 for a 

is also predicted by some theories of electron-hole pair damping15, 

but this dependence is not well established. 

It is clear that inhomogeneous broadening due to defects and 

impurities should be characterized by a=-0 .5, since the chemical 

effect on the force constant should be mass-independent, while the 

frequency is proportional to Jl-112. I argue that the same dependence 

should occur for domain boundary inhomogeneity, despite the claim of 

Gadzuk and Luntz1 that a=O in this case. If the lateral interac-

tions are predominantly chemical in nature, the argument given 

for defects applies. For dipolar coupling, the frequency shift for a 

molecule with a given array of identical neighboring molecules is 

proportional35 to n, and therefore to Jl-112 • Since it is precisely 

these shifts that give rise to the linewidth, a=-0.5 in this case, as 

well. 
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The most fruitful method of distinguishing among broadening 

mechanisms has been the measurement of the linewidth.as a function of 

temperature. Since the energy scale characterizing electrons in a 

metal is the Fermi energy, electron-hole pair broadening should be 

.essentially temperature-independent at reasonable temperatures. For 

phonon broadening and dephasing [see Eqs. (2), (5), (6), and (8)], 

the characteristic energies are adsorbate or substrate vibrational 

energies, so these processes are strongly temperature dependent in 

the 100-500 K range. Furthermore, at least approximate predictions 

of the form of the temperature dependence are available8,10,30. 

The C=O stretch mode of CO on Ni(111) has been investigated by 

two groups, over the 30-300 K temperature range30,32. The band due 

to CO in the on-top site is found not. to broaden with temperature. 

According to Persson and Ryberg30, the band due to bridging CO 

broadens from 6 to 22 cm-1 over this temperature range, and shifts 

from 1897 cm-1 to 1905 cm-1 • Both the broadening and the shift are 

modeled very well by the dephasing theory summarized in Eqs. (6 )-(9), 

with wo=220 cm-1, e:=37 cm-1 , and 60=34 cm-1. The fit is improved 

somewhat by refining the treatment of e:. The value of w0 is reason

ably close to the theoretical frequency for the frustrated rotational 

mode, 184 cm-1, and is below the maximum phonon frequency, 290 cm-1. 

It seems reasonable to suppose that this mode dominates the de

phasing. 

If this mechanism is correct, it provides a natural explanation 

for the temperature independence of the linewidth for on-top co30. 
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For that species, the frustrated rotation is at 411 cm-1, well above 

the maximum substrate phonon frequency. As a result, e is likely to 

be much smaller than for bridging CO. 

The results of Trenary, et al.32 are qualitatively similar, but 

there are important differences. They find a linewidth variation 

from 18 cm-1 to 48 cm-1 between 80 K and 300 K. Both the linewidths 

and the strength of the temperature dependence are much greater than 

found by Persson and Ryberg30. A similar dephasing analysis finds 

that no single value of w0 is satisfactory, but that a number of 

modes, with frequencies between 600 cm-1 and 800 cm-1 may be in-

volved. 

Similar results are obtained for the C=O stretch mode of CO on 

Pt(111)42. The mode due to on-top CO does not change significantly 

with temperature, but the lower frequency band exhibits complicated 

temperature-dependent structure, and clearly consists of at least two 

strongly coupled,modes. The line shape variations are interpreted in 

terms of thermally activated movement between bridging and three-fold 

sites. This process can be regarded~ as an extreme case of de-

phasing involving motion parallel to the surface. 

The linewidth of the Si-H stretch mode of Si(100)-(2 x 1)H has 

also been attributed primarily to dephasing, in the study by Tully, 

et al. 4 discussed earlier. The agreement with theory is quite 

reasonable, in view of the approximations involved. The homogeneous 

contribution to the linewidth clearly shows an exponential depen

dence on temperature, characteristic of an activated process. 
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The difficulty in interpreting linewidth variations with tempera

ture is that the temperature dependence of inhomogeneous broadening 

is unknown. Inhomogeneity due to cry stall agraphic defects or 

contaminants on the surface should generally be insensitive to the 

temperature (unless, for example, contaminants accumulate more 

rapidly on a colder surface). Inhomogeneity due to faults in the 

packing of the overlayer, on the other hand, could certain1y be 

temperature dependent. It is easy to imagine, in fact, that the 

creation of such faults could be an activated process characterized 

by the energy required to create them. In such a case, inhomogeneous 

broadening might mimic the dependence predicted for dephasing. 

The preceding comment is speculative, but the discrepancy between 

the. experiments conducted by Trenary, et al.32, and by Persson and 

Ryberg30 on the same system illustrates the danger. Both groups 

interpreted their observations as evidence for dephasing, yet it is 

most likely that the linewidths observed by Trenary, et al., were in 

fact ·inhomogeneous. The quality of the fit obtained by Persson and 

Ryberg is sufficiently high that it seems likely that their inter

pretation is indeed correct, but even this could turn out to be in 

error. The possibility of temperature-dependent inhomogeneous 

broadening in the data of Tully, et al.4 cannot be excluded. 

Given the evident difficulty of identifying the dominant broad

ening mechanism for a given vibrational line, one is driven to ask 

whether direct measurements of vibrational lifetimes are feasible. 

In fact, Casassa, et al.43 have directly measured the relaxation of 
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the O-H stretch mode of OH on fumed silica using picosecond infrared 

pulses. The measured decay time was 204 ± 20 ps. The system chosen 

was ideally suited for the experiment: a strongly absorbing mode at 

high frequency (3749 cm-1) on a high-surface-area transparent 

dielectric substrate. The shorter lifetimes, higher substrate 

backgrounds, and lower frequencies encountered in more typical 

chemisorption systems will make direct lifetime measurements diffi

cult. Such experiments are planned44, and if they are successful, 

will render much of the discussion of line-broadening mechanisms 

academic. At present, however, detailed linewidth studies provide 

one of the few clues to energy transfer processes in adsorption 

systems. 

All of the experiments described above deal with vibrational 

modes at high frequency ( > 1000 cm-1 ) , well above substrate phonon 

frequencies. The phenomena at low frequencies are likely to be quite 

different. Phonons can play a major role in energy relaxation, while 

electron-hole pairs should be less important. Dephasing can occur by 

direct interactions with substrate phonons, as well as mediated by 

other adsorbate vibrations. The role of inhomogeneous broadening is 

completely unknown. 

The low frequency regime is of special interest because it 

includes the fundamental adsorbate-substrate stretching mode for most 

systems (the most notable exception is hydrogen). The dynamics of 

these modes plays a crucial role in such basic processes as sticking 

and desorption. In addition, the local chemical environment, and its 
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effect on bonding, can be expected to be strongly, reflected in the 

properties of the adsorbate-substrate. mode. Despite the inherent 

ihterest of theSe modes, only the infrared emission system described 

here has so far been capable of studying them with high resolution, 

on well characterized substrates. 

The experimental difficulties encountered in infrared surface 

studies at low frequencies include the low oscillator strength of the 

modes, the relative brightness of ambient thermal radiation compared 

to typical infrared sources, the lack of convenient tunable -lasers, 

the presence of strong atmospheric absorptions, and the need for 

liquid helium cooled detectors. All of these problems can be 

overcome, and the success of the infrared emission technique clearly 

indicates that with sufficient care, infrared spectroscopy in the low 

frequency range is quite feasible. In the next chapter, I will 

describe the emission system, and discuss the considerations involved 

in its design. 
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CHAPTER III · 

The Emission Spectrometer 

Introduction 

In this chapter, I will describe the emission spectroscopy system 

used for the experiments discussed in this work, explaining the 

fundamental considerations that affected the design. The basic· 

design for the emission spectrometer was developed by Shirley Chiang, 

and the instrument is described in detail in her dissertation1. I 

participated in the refinement, characterization, trouble-shooting, 

and ultimately in the application of the instrument to surface 

vibrational spectroscopy. Some particular components of the system 

for which I bear special responsibility are the detector package and 

associated circuitry, the polarizer assembly, and the UHV-compatible 

chopper. A brief description of the apparatus and its capabilities 

has been published2 , and an extended discussion of the principles 

embodied in its design will appear elsewhere3. This chapter is 

largely adapted from the latter publication, which also discusses in 

detail the technique of infrared direct absorption spectroscopy used 

in the experiments of Chap. VI. 

Measurements of the vibrational spectra of monolayers or sub

monolayers of adsorbates on surfaces present a severe challenge to 

the infrared spectroscopist. In many cases, multiple surfaces cannot 

be used and small signals must be measured that are superimposed on 

background radiation that can be many orders of magnitude stronger. 
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The inost frequently used approach is reflection-absorption spec

troscopy, which has been reviewed by Hoffmann4 and by Ryberg5. 

The high conductivity of metals insures that the infrared 

electric vector at the position of the adsorbate .is very nearly 

perpendicular to the surface. The infrared beam must make a large 

angle with the surface normal to produce this perpendicular field. 

Under these conditions, 1 0-20'% of the incident beam is absorbed in 

the metal and 80-90% is reflected. A very much smaller amount is 

absorbed in the adsorbed layer. The large metallic absorption arises 

from the fact that the penetration depth for photons in the metal is 

much larger than atomic or molecular dimensions. Measurement of the 

reflected beam appears to be the most straightforward way to obtain 

vibrational information for the adsorbate. This information~ 

however, comes superimposed on a background that is 80-90% of the 

incident infrared beam. Variations in this background, whether due 

to source fluctuations, spectrometer instability, or photon statis

tics appear as noise. 

Some approaches that have been used to enhance the size of the 

surface signal relative to the background are multiple reflec

tions6,7, attenuated total internal reflection8, surface electromag

netic waves9, and Stark modulation10. The background encountered in 

a reflection-absorption experiment, however, is not fundamental. 

Techniques that measure the power absorbed in the sample from the 

infrared beam, or the power emitted by the sample in the absence of 

an incident beam, have lower backgrounds by a factor of order 10 than 
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reflection experiments. Since most carefully designed experiments 

are limited by the ability to cancel these backgrounds, this can be a 

worthwhile improvement. ·This point is illustrated in Fig. III-1, in 

which the ratio of the strength of the molecular signal to the 

background signal from the metal is plotted as a function of angle 

for CO chemisorbed on Ni, for a reflection-absorption experiment and 

for a direct absorption experiment. Since absorptivity and emis

sivity are equal in thermal equilibrium, the direct absorption 

calculation also applies to an emission experiment. For both 

reflection and emission, the fractional molecular signal peaks at 

large angles, but the peak is both wider and higher for emission than 

for reflection. The advantage of emission, or direct absorption, 

over reflection is even greater for metals with higher conductivity, 

such as Cu, Ag, Au, or Pt. 

The idea of using infrared emission spectroscopy for the study 

of surface vibrational modes is not new, but experiments using room 

temperature spectrometers have been plagued by low sensitivity. 

Griffiths11 has reviewed work prior to 1975 ·on multilayer films on 

flat metal surfaces. A similar application has been the study of 

oxide growth on copper12 and molybdenum13 surfaces. Another approach 

has been to investigate monolayer adsorption on high surface area 

dispersed catalysts 14,15,16,17. Blanke and Overend7 proposed 

enhancing the sensitivity of the technique for flat surfaces by using 

a multiple reflection geometry, and demonstrated improved 

signal-to-noise ratio in the spectrum of a nine-layer Langmuir-

3'{ 



Cf) 

Q) 
0 
0 -..:.. 
::l 

Cf) 

0 
c: 
0 -0 
0 
~ 

lL 

(b) Cold Nickel 

8 = 0.1 
v = 2000 cm-1 

!1v = 6 cm- 1 

30 40 50 60 70 80 
Angle of Incidence (degrees) 

90 

XBL 7812-6326 

Fig. III-1. Fractional surface signal as a function of angle of 
incidence~· for CO on cold Ni, for reflection-absorption and direct 
absorption spectroscopy (After Bailey 18). Emission spectroscopy 
achieves the same sensitivity as direct absorption spectroscopy. 

38 

.. 



Blodgett film. All of these experiments. used room temperature 

spectrometers, with sample temperatures -400-500 K. Allara, et al.19 

used a liquid nitrogen cooled Fourier transform spectrometer (FTS) to 

obtain monolayer sensitivity on a flat metal surface at 300 K. 

The Emission Spectrometer 

The goal of the instrument described here was to extend greatly' 

the capabilities of infrared emission spectroscopy as a tool for 

surface science. It is the first system capable of measuring 

emission signals from sub-monolayer coverages of adsorbates on clean, 

well characterized, single crystal metal substrates, over the 

frequency range from 400 - 3000 cm-1 , with moderate, ( <1 0 cm-1 ) , 

resolution. The useful sample temperatures depend on the frequency 

chosen but are typically >250 K. The most important factors affec

ting the design of the instrument were the small ratio, ( 10-4 -

10-2 ), of the adsorbate emission to the substrate emission, and the 

availability of photoconductive detectors for the frequenc 1 es of 

interest that can approach the signal photon noise limit for the 

emission signal from the substrate alone. The first consideration 

required careful attention to modulation techniques and to system 

stability. The second motivated a major effort to minimize the 

amount of background radiation incident on the detector. 

At 400 cm- 1 , the photon fluxes from blackbodies at 300 K, 

100 K, and 5 K are in the ratio 1059 to 1057 to 1. At higher 

frequencies the ratios increase exponentially. From these numbers it 

is clear that if the contribution to the radiation reaching the 
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detector from the spectrometer is to be kept small compared to that 

from the sample at -300 K (which is also the source), then all 

optical elements should be cooled at least to liquid nitrogen 

temperature. Since the Si: Sb photoconductive detector chosen 

required liquid helium cooling in any case, it was decided to cool 

the entire spectrometer to -5 K. In this way, drifts due to spec-

trometer emission were kept negligible compared with the small 

adsorbate signals. It is possible, however, to do surface ;J:R 

emission work, especially at higher infrared frequencies, with a

nitrogen cooled instrument19. 

A diffraction grating spectrometer was chosen over an FTS 

system for several reasons. Since the detector is photon noise 

limited, no multiplex advantage was expected for an FTS. A multiplex 

disadvantage was possible. - Since the throughput is sample limited, 

little throughput advantage could be realized from the FTS. The 

grating spectrometer was easier to cool. In addition, the possibi

lity exists of using arrays of detectors in the dispersed output of 

the grating spectrometer to achieve a multichannel advantage3. The 

optical layout of the emission system is shown in Fig. III-2. 

The sample is maintained in an ultrahigh vacuum environment. An 

indium-sealed KRS-5 lens acts both as a vacuum window and as a 

focusing element, collecting the emitted radiation from the sample 

and focusing it on the entrance slit 'of the spectrometer. The lens 

is not cooled, but its emissivity is very low in the frequency range 

of interest. Nevertheless, variations in the small amount of 
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radiation it emits can be a significant source of drift. Since the 

reflectivity of KRS~5 is -l!O%, careful LN2-cooled shielding has been 

used to minimize the reflection of radiation from warm objects into 

the beam. Even so, residual reflected radiation can cause slow 

drifts in the detector output. The effects of such drifts can be 

minimized by proper modulation of the signal. 

The spectrometer is a compact Czerny-Turner design consisting of 

a planar steering mirror, off-axis paraboloidal collimator and camera 

mirrors, and a rotatable diffraction grating on an aluminum 

substrate. Six different gratings are used to cover the full 

spectral range with adequate resolution and efficiency, but the 

spectrometer must be opened to change gratings. All of the optical 

elements are bolted to a 30 em diameter aluminum plate, which is 

screwed to the cold plate of a modified commercial liquid helium 

cryostat. Radiation shields at helium and nitrogen temperatures 

surround the spectrometer. Because of the large mass that must be 

cooled, it requires about two hours and eight liters of liquid helium 

to cool the spectrometer initially; thereafter, refilling with two 

liters of helium every twelve hours is sufficient to keep the system 

cold. 

A filter wheel that can be rotated from outside the cryostat is 

located behind the entrance slit. Because of the low sample 

temperature, high orders of diffraction are eliminated by the 

exponential rolloff of the blackbody spectrum, so the usual low pass 

filters are not required. High pass filters are necessary, however, 
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for measurements at frequencies well .above the peak of the blackbody 

emission from the sample to avoid scattered low frequency radiation. 

A 2 mm thickness of LiF or MgF2 is used for measurements above 

1500 cm-1. Another aperture of the filter wheel carries a polysty

rene film for frequency calibration. The frequencies of many of the 

absorption bands in polystyrene do not appear to shift significantly 

with temperature. Frequency calibration can also be checked by 

observing the high order diffraction lines of He:Ne laser light 

directed on the sample through a window in the UHV sample chamber. 

An infrared polarizer is located on the LN2-cooled shield 

of the spectrometer in front of the entrance slit. It is used to 

reject the s-polarized light from the sample, which contains no 

adsorbate contribution. 

The heart of the spectroscopic system is the detector. It is · 

an extrinsic Si: Sb photoconductor sensitive to frequencies greater 

than 330 cm-1 , mounted in an integrating cavity to maximize quantum 

efficiency and provided with two apertures to minimize stray 

radiation. The cavity aperture gives a slit width of 1 mm and a 

system throughput of 2.5 x 10-3 sr cm2. This should be compared with 

the maximum useful throughput of 2.5 x 10-2 sr cm2 available from the 

15 x 5 mm sample in the angular range from 650 to 850. 

The photon rate at the detector is in the range N = 1 o9 to 

1010 photons/s. A conventional transimpedance amplifier20 is used, 

with a feedback resistor in the range 109-1010 o. This resistor is 

cooled to 5 K to reduce Johnson noise. The first stage . of the 
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amplifier is a commercial21 dual JFET package heat sunk to the 5 K 

cold plate. The noise in this detection system is dominated by 

photon fluctuations for N > 108 photons/s, at modulation frequencies 

above 10Hz. At lower frequencies, system instabilities introduce 

additional noise and drift. 

In order to perform any emission experiment, it is necessary to 

observe the sample against a background at a different temperature. 

To reduce background loading on the detector and to minimize the 

effect of instabilities, that background should be much colder than 

the sample. In our experiment this is achieved by including a 

liquid nitrogen cooled stage in the UHV chamber. Attached to the 

stage are shields to prevent stray ambient radiation from entering 

the beam, and a cold blackbody behind the sample, which prevents 

ambient radiation from reflecting off the sample into the spectrom

eter. The shields located in the UHV system are coated with gold 

black22,23 the reflectivity of which has been measured to be < 1% for 

v > 500 cm-1 . The emission spectrum of the gold black shows that it 

is well heat sunk to the underlying metal. 

Signal Modulation 

The large b?ckground encountered in any infrared experiment on a 

metal substrate requires careful attention to the modulation scheme 

used. Ideally, the modulation serves two functions: to distinguish 

the surface signal from the background, and to avoid low frequency 

noise and drifts. In general, a single modulation technique may not 

accomplish both objectives. 
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The surface signal can be _isolated by comparing spectra measured 

with and without an adsorbate present. The drawback of this approach 

is that it represents a modulation on the time scale of minutes to 

hours; it is therefore very susceptible to low frequency drifts. 

The emission system is sufficiently stable, even on the long time 

scale involved in the comparison of spectra with and without adsorbed 

molecules, that vibrational spectra can be obtained in a de mode2, 

without any additional fast modulation. It is clearly preferable, 

however, to use another form of modulation as well. Two methods. of 

fast modulation that have the advantage of being partially surface 

selective are polarization modulation7 •24, 25 and wavelength modula

tionS, 26 • 27 • 28. For practical reasons, neither of these could be 

implemented in the apparatus described here. 

Polarization modulation exploits the fact that only the p

polarized component of the infrared beam contains the surface 

signal. A rotating polarizer7 ,24 or photoelastic modulator25 

switches the polarization of the beam. After demodulation, the 

detector signal is proportional to the difference in intensity 

between the two polarizations. When the spectrometer efficiency is 

strongly polarization-dependent, as is typically the case with a 

grating instrument, a second polarizer, fixed at an angle between the 

s-and p- polarizations, should be used after the switched polari

zer. In principle, the fixed polarizer keeps the polarization state 

of the light entering the spectrometer fixed, regardless of the 

orientation of the switched polarizer. In practice, imperfections in 
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available infrared polarizers limit the usefulness of this approach, 

and it was not found to be suitable for the emission instrument. 

·Nonetheless, over selected frequency ranges24 or with a less polari

zed spec trometer25, 29, polarization modulation can be used very 

effectively. 

In the case of wavelength modulation25 ,26 ,27, the wavelength 

incident on the detector is modulated, giving a signal after demo

dulation proportional to the derivative of the intensity with 

wavelength. This approach enhances sharp spectral features over 

broad ones. It therefore emphasizes the adsorbate signal if it is 

sharper than other spectral features in the background. The infrared 

emissivity of metals is essentially featureless. If the spectrometer 

efficiency, however, has sharp structure in the frequency range of 

interest, the technique is ineffective. Such structure is common in 

the present instrument, perhaps due to contamination of the optical 

elements30. In the absence of such structure, wavelength modulation 

can be very useful26,27. 

For the system used in the present work, a simpler modula

tion scheme is used, in which the radiation entering the spectrom

eter originates alternately from the sample and from a cold, black 

surface. The chopper ·is essentially a UHV-compatible version of a 

commercial oscillating vane chopper31, · and is shown schematically in 

Fig. III-3. It consists of a metal vane coated with gold black, and 

attached to a torsion bar. Permanent magnets attached to the bar 

couple the motion of the vane to magnetic coils. The signal gener-
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ated in the pickup coil by the motion of the chopper is amplified and 

applied to the drive coil, so that the chopper oscillates at its 

natural resonant frequency of approximately 20 Hz. Since the vane 

passes in front of the sample twice each cycle, the effective optical 

modulation frequency is about 40 Hz. The chopper is mounted on the 

cold stage, cooling the vane by conducti~n to -100 K. When the vane 

passes in front of the sample, the spectrometer looks at a cold, 

black surface. 

Leakage signals past shields and emission signals from 

inadequately cooled objects in the optical train can contribute 

to the photon noise and, more important, can give signals that 

drift with time. Locating the chopper as close as possible to 

the sample insures that many such signals are not chopped, and so 

do not contribute slow drifts to the measurement. The chopper cannot 

discriminate against drifts in the temperatures of the sample and the 

cold stage, or of ambient radiation leaking around the input shield. 

The sample temperature is regulated to within 0.04 K using a thermo

couple sensor spot-welded to the back of the sample. Better regula

tion would be desirable and could be obtained by using an infrared 

sensor. The cold stage temperature is maintained at -100 K with a 

continuous flow of LN2 • Cooling it below 50 K with a mechani-

cal refrigerator would eliminate this source of drift. It is 

difficult to completely prevent ambient temperature radiation inside 

the UHV system from entering the optical path. The cooled shield 

must have openings so that the sample can be moved into position for 
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LEED and other surface characterization experiments. Since the 

temperatures of the sample and the cold stage reference are very 

differen_t, the measurement is sensitive to drifts in system gain. 

Two sources of gain drift have required attention. The amplitude of 

the chopped signal depends on the chopper drive amplitude, which must 

be adjusted to minimize sensitivity to amplitude fluctuations. Also, 

the amplifier gain depends on the temperature of the load resistor20 

through its temperature coefficient of resistance. This effect can 

be minimized by selecting load resistors. An alternative solution to 

the gain drift problem is to use a reference source at or near the 

sample temperature. It should be black to avoid structure on its 

emission spectrum and small, to give a signal comparable to that of 

the sample. This approach has not been attempted. 

Capabilities of the Emission System 

If we assume that photon noise limits the sensi ti vi ty of the 

instrument, we can calculate the detection threshold for small 

molecular signals on a large background from the substrate. 

·Fig. III-4 shows the result of such a calculation, assuming a 

substrate of emissivity 0.1 and a temperature of 300 K and using 

measured values of the spectrometer efficiency and detector quantum 

efficiency. The three solid lines, corresponding to three different 

gratings, indicate the minimum adsorbate signal (expressed as a 

fraction of the substrate emission) that could be measured with 0a 

signal-to-noise ratio of unity in a one Hz bandwidth. These lines 

represent the theoretical limit to the performance of the instrument 
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if all extraneous noise sources were eliminated. The dots shown in 

the figure represent the expected fractional signal due to a satura

tion coverage of various adsorbates on Pt( 111). The values were 

estimated from published electron energy loss (EELS) spectra, using 

Ibach 1 s32 comparison of IR and EELS cross sections. The X 1 s show 

measured signal levels for the two observable modes of CO on Ni(100). 

The *' s show the measured signal levels for CO on Pt ( 111 ) • The 

strength of the technique, especially at the lower frequencies, 

where the vibrational modes tend to be weak, is immediately apparent. 

In practice the photon noise 1 imi t has not been reached. The 

dashed lines show the measured sensi ti vi ty of the apparatus. The 

excess noise is limited by fluctuations in the stray radiation 

that enters the spectrometer despite the cold baffles. Since 

this source is modulated along with the sample emission, it is 

not greatly reduced by chopping. The chopper does, however, make 

it possible to achieve this level of performance quite consistently; 

in the de mode, extra drifts often make the signal to noise ratio 

much worse. If the noise due to stray radiation were eliminated, the 

next limiting factor would probably be the stability of the source 

temperature. 
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CHAPTER IV 

Experimental Results 

Introduction 

In this chapter, I will describe all of the experimental data 

obtained thus far regarding molecule-substrate mode 1 inewid ths. 

Three adsorption systems have been studied. The measurement of the 

linewidth of the C-Ni stretching mode of CO on N1(100) with the 

emission spectrometer represented the first demonstration of the 

power of the technique, and stimulated considerable theoretical 

activity, as well as the experimental work that is the main topic of 

this dissertation. I will begin by reviewing the results for CO on 

Ni(100). A much- more detailed discussion follows of the experiments 

on CO on Pt(111). This investigation fs almost entirely my work, and 

it is certainly the most detailed study to date of an adsorbate

substrate mode, although, as we will see, there are still problems 

with the data. Finally, I will briefly discuss a measurement of the 

O-Pt vibration of atomic oxygen on Pt( 111). Because of the low 

oscillator strength and large linewidth of this mode, it was not 

possible to study it in detail. 

CO on Ni(100) 

The first measurement of the linewidth of an adsorbate-sub

strate vibrational mode for a molecular adsorbate on a well charac

terized single crystal metal surface was the measurement of the C-Ni 

mode of CO on Ni(100) at 310 K by Chiang, Tobin, Richards, and 

Thiel1, using the infrared emission system. The only previous 
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measurements of adsorbate-substrate mode line.widths on well pre

pared surfaces were of H on W(100)2 and on Si(111)3. Because of its 

low mass and strong chemical interactions, hydrogen has a very high 

vibrational frequency, well above the regime in which phonon effects 

are expected to be important. Thus the data for CO on Ni(100) 

represented the only information relevant to the issue of line-broad

ening by phonon-mediated decay. 

Fig. IV-1 shows the spectra of a saturation coverage of CO on 

Ni(100) at 310 K, for an ordered c(2 x 2) layer on a clean surface, 

and for a disordered layer on a slightly contaminated surface1. The 

linewidth is 15 ±· 1 cm-1, and appears to be rather insensitive to 

disorder. The frequency, 475 cm-1, is less than twice the maximum 

phonon frequency in nickel4, 290 cm-1, so that the vibrational 

excitation can decay by the emission of two phonons. 

Ariyasu, et al.5,6 calculated the expected decay rate for the 

two-phonon process, and the resulting linewidth contr.ibution. 

The result of their calculation, which contained no adjustable 

parameters, is shown in Fig. IV-2. At 300 K, they predict a value 

for the linewidth of 13.9 cm-1, in close agreement with the experi

mental value. The agreement strongly reinforces the suspicion that 

phonon-mediated lifetime broadening may play a major role in deter

mining the linewidths of low frequency adsorbate-substrate vi bra

tional modes. 

Also shown in Fig. IV-2 is the prediction of the Persson theory 

for two-phonon broadening. This curve was calculated from Eqs. (1) 
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and (2), using a Debye model for the phonon density of states, and 

parameters appropriate to CO on Ni(100). Note that the vertical axis 

for this curve is different from that for the calculation of Ariyasu, 

et al.; the Persson theory seriously overestimates the linewidth, but 

the predicted temperature dependence agrees closely· with the more 

detailed calculation. 

Fig. IV-2 also suggests an important test; the theory predicts a 

rather strong temperature dependence for the 1 inewid th, if the 

two-phonon mechanism is indeed dominant. An experimental test of 

this prediction is clearly of great importance. It appeared imprac

tical to perform such a test on the CO/Ni(100) system, because of the 

weakness of the C-Ni band, the relatively high emissivity of Ni 

(which causes a large background due to substrate emission) and the 

difficulty of obtaining an atomically clean Ni surface. I therefore 

decided to attempt a measurement of the temperature dependence of the 

C-Pt mode linewidth for CO on Pt(111). 

CO on Pt(111) 

Sample preparation and characterization: The platinum crystal 

used in these experiments was obtained from Atomergic Chemetals, 

Inc. It was approximately rectangular, with dimensions 

1.5 x 0.5 x 0.2 em, with the normal to the large face oriented within 

0.5° of the [111] direction, as determined by X-ray diffraction. No 

crystallographic faults could be detected with X-ray or low energy 

electron diffraction. 
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The primary contaminants in the crystal were carbon and sulfur, 

as revealed by Auger electron spectroscopy (AES). The sulfur was 

easily removed by 250 eV argon ion sputtering followed by annealing 

at 1100 K. The carbon could be removed by heating in oxygen (1100 K, 

5 x 1o-8 torr) for several hours. The last 1-2% of a monolayer of 

carbon were removed by dosing the sample with 3-5 L of oxygen, and 

then ramping the sample temperatur~ to 1100 K, while observing the CO 

partial pressure with a mass spectrometer. The presence of residual 

carbon was revealed by a characteristic reaction peak at 800 K. 

Excessive oxygen treatments resulted in oxide formation, which could 

be detected with AES. Argon ion sputtering was then used to remove 

the oxide, but would invariably result. in new carbon contamination, 

necessitating additional oxygen treatments. With care, a surface 

could be achieved that was free of both oxygen and carbon, to the 

sensitivity of our cylindrical mirror anyalyzer AES system. Fig. 

IV-3 shows an Auger spectrum of such a surface. Nei-ther a carbon 

peak (at 272 eV) nor an oxygen peak (at 505 eV) can be detected. 

Because of coincidental peak overlaps, it is difficult to 

detect certain contaminants, notably aluminum, silicon, and sulfur; 

on platinum with AES, unless much higher resolution is used than 

was achievable with the system used here, or unless the quanti ties 

of the contaminant elements are very large. There is, therefore, the 

possibility that the "clean" platinum surface contained residual 

aluminum and sulfur. Such undetected contaminants on Pt( 100) are 

thought8 to be responsible for the complicated reconstructions of 
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that surface. The same study indicated, however, that surface 

segregation of impurities is a much less severe problem on the (111) 

face. The Auger spectrum of Fig. IV-3 can be compared with the pub

lished data of Collins and Spicer9 by measuring the ratio of the 

peak amplitudes between the overlapping peaks and the Pt peak at 

237 eV. · In each case. the ratio for Fig. IV-3 is smaller than that 

shown by Collins and Spicer, indicating that .the sample used here 

was no more contaminated by undetected species than those used in 

other careful studies of Pt(111). 

Sputtering of the surface was kept to a minimum, and sputter

ing energies were kept low ( 250 eV) in order to avoid surface 

roughening. In cleaning another Pt(111) sample with extensive 

sputter treatments, I had found that the surface became roughened 

on the scale of microns. This roughness could be detected as a 

matte finish on the surface, when it was viewed under oblique 

illumination, .and it could also be easily seen with a scanning 

electron microscope. Despite this roughness, the LEED pattern of 

the sample was excellent, and the Auger spectrum showed no evidence 

of contamination. Annealing the sample at temperatures up to 

1600 K · had no effect on the roughness. The present sample shows 

slight evidence of the same behavior--it appears very slightly milky 

in oblique light--but the roughening is not severe. 

The adsorption of CO showed the characteristics described in 

the literature. Fig. IV-4 shows thermal desorption (TDS) spectra for 

various exposures of CO at 300 K. The x-axis is calibrated in mV 
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Fig. IV-l.J. Thermal desorption spectra of various coverages of CO on 
Pt ( 111). The x-axis is calibrated in mV of thermocouple signal, 
which does not correspond directly to sample temperature. 

63 



of thermocouple signal, rather than in sample temperature, because 

I found that the thermocouple temperature was as much as 125 K higher 

than the sample temperature during the temperature ramp, in which the 

sample was heated by a tungsten filament behind the sample. When the 

sample was heated resistively, no such offset was observed, and the 

peak desorption temperature agreed well with published 

data9,10,11,12. Since resistive heating was used during infrared 

measurements, the ·temperatures measured by the thermocouple during 

such measurements are correct. 

Taking into account the uncertainty in the temperature axis, 

Fig. IV-4 is in good agreement with published TDS results9,10,11,12. 

A single peak is observed, shifting to lower temperature with 

increasing exposure. The small shoulder at high temperature has been 

identified as due to desorption from steps, defects, and the edges of 

the sample9 • 13. 

By measuring the time integral of the desorption signal, and 

assuming 10 that the saturation coverage at 300 K is 9=0. 5, I have 

obtained a coverage calibration curve, which is shown in Fig. IV-5. 

All coverages mentioned in the experiment are obtained from the 

measured exposure by comparison with Fig. IV-5. Also shown is the 

corresponding curve of Collins and Spicer9. The difference between 

the two curves may be due to dosing geometry, pressure gauge calibra

tion, or a difference in analysis. It is not clear whether they 

included the defect site contribution in their desorption integrals; 

in the present case it was included. 
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A variety of ordered LEED patterns has been observed for CO 

on Pt(111)10,13, but only the c(4 x 2) pattern is observable at 

temperatures near 300 K. At 275 K, a sharp, bright c(4 x 2) LEED 

pattern is observed for a saturation coverage of CO. As the sample 

is heated, the spots become noticeably dimmer and fuZzier, until the 

central spots merge· into a hazy ring, near 325 K. This temperature 

range coincides closely with the onset of desorption. At ·higher 

temperatures, a significant cover.age of CO can only be maintained by 

keeping a partial pressure of CO in the chamber; no ordering of the 

overlayer can be detected with LEED. It is important to keep these 

other temperature-dependent phenomena in mind in interpreting the 

temperature dependence of the linewidth of the C-Pt mode. 

The C=O stretch mode of CO on Pt( 111) has been studied exten

sively with infrared spectroscopy, on recrystallized 

ribbons14,15,16,17,18, which are predominantly (111), but contain 

large concentrations of defects9, and on single crystals12,19,20. 

Because of the uncertainty in the nature of the ribbon surface, I 

will .concentrate on the ·single crystal results. Krebs and Luth 19, 

working at 300 K, found two bands, one near 2100 cm-1, attributed 

to CO bonded at on-top sites, and a weaker and broader one near 

1870 cm-1, attributed to bridge-bonded CO. This result agrees 

with electron energy loss spectroscopy (EELS) results11,13,21,22; 

however Horn and Pritchard20, Shigeishi and King14,16, and Crossley 

and King15,17 were unable to detect the lower frequency band. Krebs 

and Luth 19 and Baker and Chesters 18 detected both modes, and Hayden 
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and Bradshaw12 have. investigated the bridging CO band as a function 

of temperature and coverage between 85 K and~ 300 K. At 300 K, · the 

band could be detected only at coverages approaching saturation, and 

had a linewidth of approximately 50 cm-1. At lower temperatures, the 

bridging band is found to consist of at least two lines, which 

interact in complicated ways, resulting in strong variations in line 

shape and intensity with coverage and temperature. As I mentioned in 

Chapter II, this behavior can be interpreted as an extreme case of 

dephasing mediated by another adsorbate vibrational mode. 

The behavior of the on-top site band is much simpler. At very 

low coverage, a broad band is observed in the vicinity of 2060 cm-1. 

As the coverage is increased, a sharper band appears at higher 

frequency, near 2080 cm-1 • With the addition of more CO, the band 

shifts to higher frequency and increases in intensity. The frequency 

range for the dominant band is given as 2079-2095 cm-1 by Krebs and 

Luth19, and as 2082-2089 cm-1 by Horn and Pritchard20, for adsorption 

at 300 K. 

Infrared emission spectra of the C=O stretch region are shown 

in Fig. IV-6, for a sample temperature of 300 K. In agreement with 

the results discussed above, we find that the on-top band at low 

coverage consists of two components, but the lower frequency compo

nent is broader, and less symmetric, than that observed in other 

experiments. The frequency range for the sharper band is 

2078-2090 cm-1, in close agreement with the values of Krebs and 
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Luth19. At the highest coverages, a band due to bridging CO can 

be clearly seen, at a frequency of 1850 cnc1. The width of the 

bridging band is 36 cm-1. The width of the on-top band is instru

mentally limited in these spectra. 

The above discussion clearly shows that the sample, and the 

adsorption behavior of CO, were well characterized with AES, LEED, 

TDS, and IR spectroscopy in the C=O stretch region. In all cases,. 

the results are consistent with the best data available in the 

literature. 

Experimental procedure: The infrared measurements of the C-Pt 

stretching vibration were made in the following way. First, the 

sample was carefully cleaned using the procedures described in the 

preceding section. The clean surface was protected from the accu

mulation of background contaminants by the adsorption of a saturated 

layer of CO. Once the surface was cleaned, its condition could be 

maintained by this method over a period of many days, and through 

many CO adsorption-desorption cycles, without the buildup of suffi

cient contamination to be detectable by the degradation in the CO 

LEED pattern at low temperature, or by the appearance of a ring due 

to graphitic carbon in the LEED pattern. Auger spectra were not 

routinely checked before each infrared experiment, because the Auger 

electron beam was found to introduce carbon contamination. As a 

result, the data shown represent adsorption on surfaces with some 

variation in impurity coverage, but in no case more than 5-10% of a 

monolayer, and in most cases less than 1-2%, as determined by AES. 
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No dependence of the spectrum of the C-Pt mode on these levels of 

contamination could be detected. The impurity concentration showed 

· some variation across the sample, with the result that thoroughly 

clean conditions could not always be achieved over the entire surface 

at once. Since the infrared spectrometer samples essentially the 

entire surface of the sample, the spectra represent some average over 

the conditions present on the entire surface. 

Because a period of five hours or more is required for the 

spectrometer to become fully thermally stabilized, it was cooled at 

least a day before the measurement of infrared spectra. Once the 

spectrometer was stable, liquid nitrogen was allowed to flow through 

the cold stage in. the UHV chamber, cooling the baffles and the 

chopper, and through reservoirs clamped to the electrical. feed"'"' 

throughs used to heat the sample. The latter allowed the sample to 

be cooled by conduction below room temperature, down to -260 K. The 

motion of the chopper proved to be sensitive to temperature, and 

2-3 hours were needed before the chopped waveform reached its final 

state. 

During the same period, the sample was lowered into position 

inside the baffles, and regulation of the sample temperature was 

begun. The precise position was chosen in a separate experiment by 

maximizing the fractional molecular signal for the C=O stretch 

vibration. Once obvious changes in the signa1 with time were no 

longer apparent, a series of test spectra was measured as a test of 

the system stability. The desired condition was one in which there 
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was no monotonic drift in the signal amplitude, and in which the 

comparison of separate test spectra exhibited no features, and a 

fractional noise level -8 x 10-4 IlHz. 

When the system reached the required stability, the sample was 

withdrawn from the baffles and he a ted. to 11 00 K to desorb its CO 

overlayer. It was then returned to the IR position, and temperature 

regulation resumed. Depending on the temperature desired, a period 

of 40-80 min. was required before the temperature stability was 

adequate for spectral measurements, as determined, again, by test 

spectra. 

The emission spectrum of the clean surface was then measured. 

Typically 16 separate spectra would be averaged, each containing 95 

points between 400 cm-1 and 550 cm-1 , with 2 s of integration time 

per point per spectrum, for a total integration time of 32 s per 

point. The entire process would take -1 hour. 

Given the long elapsed time between the heating of the sample and 

the end of the measurement of the reference spectrum, it is essential 

to recognize the possibility of adsorption on the (nominally) clean 

surface. Some such adsorption undoubtedly occurs. By comparing 

early and late reference spectra, I can determine that less than 0.1 

monolayer of CO adsorbs on the surface during the measurement of the 

reference. This would correspond to an effective CO partial pressure 

of -3 x 1 o- 11 torr, which is reasonable, particularly since the 

sample is inside liquid nitrogen cooled baffles. This is not a 

negligible degree of adsorption, however, and variations in this 
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parameter from run to run could have affected the reproducibility of 

the data. This possibility will be discussed in more detail below. 

Some improvement in this situation could be achieved by introducing 

more rapid cooling of the sample, but major improvements can only be 

made by increasing the signal-to-noise ratio of the apparatus. 

Following the. measurement of the. reference, the sample was 

exposed to CO gas. · For temperatures less than 325 K,. a measured 

exposure of CO was admitted by letting CO into the chamber for a 

fixed period of time. A pressure integrator was used to. determine 

the total exposure. Spectra of the sample with adsorbed CO were then 

measured in the same manner as the reference spectrum. 

For higher sample temperatures, as· the desorption s·pectra make 

clear, adsorbed CO is not stable on the time scale required for the 

experiment. For this· reason, ·spectra were instead measured with a 

constant pressure of CO in the chamber. Typically the pressure used 

was 5 x 10-8 torr. Little variation in the spectra was found for 

pressures from 5 ·x 10-9 to 1 ·'x 10-7 torr. For these measurements, 

the CO coverage cannot, of course,· be determined from the exposure; 

it can only be roughly estimated from the· frequency and integrated 

intensity of the infrared band. 

After all infrared measurements were complete, the sample was 

withdrawn from the baffles and moved in front of the LEED screen. 

For sample temperatures of 300 K and below, the LEED pattern could be 

observed immediately, and provided a qualitative measure of the 

degree of ordering present in the last IR spectrum measured. For the 
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data presented here for temperatures of 275 and 300 K, a distinct 

c(4 x 2) pattern was observed. When the IR measurement was made at 

a higher temperature, the heat was first turned off, and the sample 

·allowed to cool below 300 K, and then exposed to additional CO. The 

LEED pattern observed is then not characteristic of the state of the 

overlayer during the IR measurement, but it does provide an indicator 

of the state of the Pt surface. 

Measurements were made both with 12co and with 13co. The choice 

was solely a matter of experimental convenience; as I will show 

below, the mass difference is so small that the only difference 

observable in the spectra is the expected frequency shift. However, 

a feature in the spectrometer transmittance at the frequency of the 

12co mode occasionally introduced unwanted structure in the baseline, 

which was less of a problem if 13co was used. 

Data analysis: The emission spectra of the sample with and 

without CO were first subtracted point by point, and then divided by 

the reference spectra to remove variations due to the spectrometer 

efficiency and the blackbody spectrum. The data are thus in the form 

of fractional surface emittances, normalized to the sample emittance 

(plus a small contribution due to unavoidable leakage radiation). An 

additive constant has been included in the figures for clarity of 

presentation. The data have not been smoothed in any way. However, 

in most cases a linear baseline has been subtracted from the spectra 

before plotting. Such a linear variation can easily arise from a 
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small change in the temperature sample or in the gain of the detec

tion system. 

In order to extract quantitative results from the spectra, I 

used the following procedure. First, I selected a frequency range 

including the peak that could be characterized by a smooth baseline. 

Next, I excluded from that range the region of the peak itself. An 

initial linear baseline was then determined by a least squares fit to 

the remaining points in the range. After that baseline was subtrac

ted, the points in the peak region were analyzed to determine the 

frequency of the highest point, the full width at half maximum 

( FWHM), and the integrated intensity. I estimated the errors in 

these quanti ties by subjectively choosing extreme linear baselines 

that could be regarded as possibly consistent with the points away 

from the peak, and performing the same analysis using these base

lines. While I cannot place quantitative confidence limits on these 

error bars, I regard them as quite conservative. 

Coverage dependence: A sequence of spectra, for various nominal 

coverages of 13co at 275 K, is shown in Fig. IV-7. For e<O. 4, the 

peak frequency remains constant while the strength of the band 

increases. At higher coverages, a dramatic shift of the band to 

lower frequency occurs. 

This behavior is shown clearly in Fig. IV-8, which shows the peak 

frequency and the integrated intensity of the band as a function of 

(nominal) coverage. This figure combines data from several separate 

experiments performed on different days. The integrated intensity 
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plot includes data from experiments with 12co and at 300 K as well. 

It should be emphasized that the coverages are determined only from 

the exposure used, without taking into account any adsorption that 

occurs during the cooling of the sample and the measurement of the 

reference spectrum. There is thus the likelihood that the coverages 

are systematically understated by as much as 0.1. In that case the 

strong shift would occur nearer to 6=0.5. The fact that the shift 

occurs at the same nominal coverage for a number of different 

measurements, however, suggests that the amount of prior adsorption 

is quite reproducible. 

Taking into consideration the probable offset of the coverage 

axis, it is likely that the shift of the frequency is correlated with 

the abrupt drop in the adsorption energy near 6=0.5 observed by Ertl, 

et al. 10 . Such a reduction in the adsorption energy--the depth of 

the chemisorption well--would be expected to be accompanied by a 

reduction in the frequency of the C-Pt vibration--the curvature of 

the well. It is worth noting that the magnitude of the frequency 

shift is only 6 cm-1; it is unmistakable Jn the infrared data, but 

would be undetectable in an EELS experiment, and has not, in fact, 

previously been observed. 

The integrated intensity displays essentially the expected 

behavior. It increases roughly linearly with coverage at low 

coverage, and then saturates, or even shows a slight decrease due to 

electronic screening, as the layer is completed. The large error 

bars are due primarily to uncertainty in the baseline; the contribu-
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tion of regions away from the center of the band is very sensitive to 

the choice of baseline. 

Fig. IV-9 displays the linewidth as a function of coverage for a 

number of experiments using both 12co and 13co at 275 K. At low 

coverage, before the onset of the frequency shift, the linewidths 

fall consistently in the range of 8-11 cm-1 . At higher coverage, 

there is enormous run-to-run variation in the behavior of the 

linewidth. In some cases, the frequency shift occurs with little or 

no change in the linewidth, or even with a slight reduction. At 

other times, the line broadens dramatically as the layer becomes 

fully saturated. I will discuss the lack of reproducibility in 

detail in a later section; for the moment I remark only that the 

broadening is surprising. More commonly, the approach to a complete, 

fully ordered layer is accompanied by a reduction in the linewidth 

(if inhomogeneity is imp~rtant) or by no change (if the linewidth is 

predominantly homogeneous). 

Temperature dependence of the linewi dth: In Chap. II, I indi-:

cated the importance of linewidth measurements as a function of 

temperature in identifying . the most important line-broadening 

mechanisms. For the most effective test, one should cover as great a 

range of temperatures as possible. At the same time, ideally, the 

coverage, ordering, and experimental conditions should be kept 

constant for all temperatures. In the present experiment, both 

fundamental and practical constraints prevented this ideal from being 

achieved. The minimum temperature achievable with the present sample 
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holder is close to 275 K. More fundamentally, the sensitivity of the 

emission experiment diminishes rapidly as the temperature is de

creased below 300 K; it is unlikely that the experiment could be 

performed with a sample temperature less than 200 K. However, as I 

have indicated above, disordering of the CO overlayer begins near 

300 K, and thermally activated desorption on the experimental time 

scale becomes quite significant at 325 K and above. I have made 

linewidth measurements at temperatures up to 400 K, (well above the 

peak of the thermal desorption· spectrum), although the experimental 

conditions become increasingly adverse with increasing temperature. 

The results are exhibited in Fig. IV-1 0, with error bars domi

nated by baseline uncertainties. Where more than one measurement was 

made at a single temperature, I have offset the points slightly for 

clarity of presentation; the temperature for all experiments was 

within 1 K of a multiple of 25 K. Fig. IV-11 shows a selection of 

spectra for 12co at various temperatures. The decrease in integrated 

intensity with temperature is presumably due to decreased CO cover

age. The apparent frequency shift with temperature is attributable 

to the same cause; the low temperature curves are· for a fully 

saturated CO layer, above the onset of the frequency shift discussed 

in the previous section. 

Several features of Fig. IV-10 are immediately apparent. Perhaps 

most dramatic is the increase in the uncertainties in the data as the 

temperature is increased. This arises is two ways: expansion of the 
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error bars for individual measurements, and lack of reproducibility 

from measurement to measurement. 

The relatively large errors in determining the linewidth for an 

individual spectrum are largely due to the reduced strength of the 

signal at high temperatures. The resulting lower signal-to-noise 

ratio increases the sensitivity of the linewidth to small changes in 

the baseline. In addition, the baseline is often less flat than in 

lower temperature measurements. This increased instability in the 

signal does not seem to be associated with the higher sample tempera

ture per se, but rather with the need for a partial pressure of CO in 

the chamber for long periods of time. Thus the rather low desorption 

temperature of CO on Pt( 111) · affects the experiment, not only by 

making the interpretation of the data more problematic, but also by 

increasing the experimental difficulties considerably at the higher 

temperatures. 

It is clear from Fig. IV-10, however, that the scatter in the 

linewidth measurements at high temperatures is too great to be 

understood solely in terms of the uncertainties in the individual 

measurements. Fig. IV-12 shows several spectra obtained at a sample 

temperature of 400 K. The line shape, linewidth, and. peak frequency 

all vary significantly from one spectrum to the next. I have not 

found a satisfactory explanation for this lack of reproducibility; I 

will indicate here some possibilities that I have considered. 

One of the most common sources of non-reproducibility in any 

surface experiment is variation in the surface preparation, such as 
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varying amounts of residual contaminants. It is possible to specu-

late, moreover, that the effect of small quantities of impurities 

could be greater at high temperatures--at which the adsorbed mole-

cules are highly mobile--than at low temperatures. It is certainly 

true that variations in impurity concentration at the level of a few 

percent of a monolayer were not thoroughly controlled. However, I 

have found no correlation between the observed linewidth and the time 

since last cleaning or the contaminant levels recorded most recently 
I 

prior to the experiment. Indeed, spectra measured on the same day, 

using the same reference spectrum, in some cases show irreconcilably 

different linewidths. 

Another possible source of run-to-run variations is the quantity 

of background gas adsorbed during sample cooling and the measurement 

of the reference spectrum. However, as I have already argued, data 

for 275 K indicate that the amount of such adsorption is quite 

reproducible. Moreover, the effect of such adsorption should 

diminish as the temperature is increased, while the observed varia-

tions clearly increase with temperature. 

During a run, and certainly between runs, the precise pressure of 

gas in the chamber, and the purity of that gas, certainly can vary. 

Variations within a run could produce uncontrolled broadening if 

pressure changes were accompanied by frequency shifts. I have 

performed experiments, however, in which the pressure is deliberately 

varied by as much as a factor of ten, with no observable frequency 

shift. This result is not especially surprising. Based on the 
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integrated intensity, it is clear that the coverage in the high 

temperature experiments is relatively low (0.2-0.3) well below the 

onset of the frequency shift. Deliberate changes in the pressure 

were in some cases accompanied by substantial changes in. the line

width, but these effects were not reproducible. The two lowest 

points at 400. K were obtained at pressures of 5 x 1o-8 and 

1 x 1o-7 torr, in a single run. On the other hand, the next lowest 

point, and the highest ppint at 400 K were measured at 5 x 10-8 and 

.5 x 1o-9 torr, respectively, in a single run. 

There is certainly some buildup of background gases in the 

chamber during the experiment. By the end of the measurement of the 

spectrum, these gases may amount to -20% of the gas in the chamber. 

I have not performed a residual gas analysis during the measurement 

to determine the composition of th~ gases. If some of the background 

gas sticks more readily to the surface than the CO, it could produce 

a variation in the signal with time, and run-to-run variations in 

frequency and linewidth. 

None of these hypotheses is entirely satisfactory. Certainly 

improvements in sample preparation and characterization, ·and in the 

control and analysis of. conditions during the measurement are 

possible. Such improvements will be made as experimentation proceeds 

on this system. The fundamental problem, however, is the limited 

temperature range available before significant thermal desorption 

occurs. The range can be extended somewhat on the low side by 

modifications to the sample mount, but large expansions can be 
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achieved only by choosing a different adsorption system. One such 

system, 0 on Pt( 111), has been investigated; those results are 

discussed in a later section. 

Interpretation: The two lines in Fig. IV-1 0 are theoretical 

predictions for the temperature dependence of the C-Pt linewidth, 

using the theory of Persson7 for the three-phonon and dephasing 

contributions [Eqs. (4) and (5) were used for the dephasing term, and 

the three-phonon analogs of Eqs. ( 1) and (2) for the three-phonon 

process.] I have modified the model slightly by using a representa

tion of the true bulk phonon density of states for Pt23 rather than a 

Debye model. In addition, I have normalized each curve to the 

linewidth at 275 K, and scaled it to match the experimental data at 

that point. As in the case of two-phonon broadening illustrated in 

Fig. IV-2, the predicted linewidths are much greater than the 

measured linewidth, but the variation with temperature depends 

primarily on simple phonon occupation numbers, and is likely to be 

reasonably accurate. These curves should therefore be taken as an 

indication of the magnitude of temperature dependence to be expected 

for these natural line-broadening processes, but not as a detailed 

prediction. 

At first glance, it may appear that a temperature variation of 

comparable magnitude to that predicted is consistent with the data. 

It is important to keep in mind, however, that in seeking to deter

mine natural linewidths, it is appropriate to be biased towards the 

narrowest lines measured. Thus the lowest-lying points for each 
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temperature, unless there 'are identifiable problems with the measure

ment, can be taken as f'irm upper limits on the natural linewidth at 

the appropriate temperature. Viewed in this light, it is clear that 

the data are nearly consistent with no temperatur~ variation of the 

linewidth at all, and are·certainly not consistent with a variation 

on. the scale suggested by the theoretical curves. It is therefore 

unlikely that the observed linewidths are attributable to broadening 

either by phonons or by dephasing. 

The ,two line-broadening mechanisms that are commonly temperature~ 

independent are electron-hole pair decay ?nd inhomogeneous broaden

ing. The former is unlikely to be of significance at these low 

frequencies; it is far more likely that inhomogeneous broadening is 

the. dominant process. 

Further support for this claim is found in the line shapes. On 

inspection of Figs. IV-7, IV-11, and IV-12, one can clearly see that 

the bands are asymmetric, typically extending to low frequency~. 

Although there is not unanimous agreement regarding the line shape 

expected for a phonon-broadened line, it is generally assumed that a 

symmetric, Lorentzian shape is expected24. 

Although different isotopes of CO were used, there is no possi

bility of using the mass dependence of the linewidth as a clue to the 

broadening mechanism. For small mass differences, the fractional 

change in the linewidth is proportional to the fractional difference 

in mass b.etween the two isotopes, with the proportionality constant o. 

as defined in Eq. (10). Since the masses of the two isotopes differ 
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by only 3. 6%, a's in the typical range of 0-2 would not produce 

observable changes in the linewidth. 

0 on Pt(111) 

From the discussion above it should be apparent that the system 

of CO on Pt( 111) is in many ways less than ideal for the linewidth 

studies conducted. A better system would have a much higher desorp

tion temperature, remain ordered to a higher temperature, and permit 

a larger fractional mass change by substituting isotopes. One 

system that meets these criteria is that of 0 on Pt(111). 

This adsorption system has been studied in detail by Gland, et 

al.25 and by Steininger, et al.13. Molecular adsorption is observed 

at low temperatures, with dis soc iati ve adsorption occurring at 

temperatures above -100 K. The atomically, adsorbed species occupies 

threefold hollow sites, and forms a p(2 x 2) LEED pattern. The 

oxygen desorbs only at temperatures above 600 K, although I have 

determined that the ordered LEED pattern disappears at a temperature 

below lJOO K. The O-Pt vibrational frequency determined by EELS is 

lJ80-lJ90 cm-1, similar to the C-Pt frequency of CO; the decay process 

~s therefore expected to involve three phonons. Finally, the readily 

available isotopes of oxygen are 16o and 18o, giving a fractional 

mass difference of more than 10%, which is encouraging for the 

possibility of determining a experimentally. 

Motivated by these considerations, I attempted a spectroscopic 

study of the O-Pt mode. Unfortunately, the infrared band proved to 

be too weak, and too broad, for any detailed study to be possible. 
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Fig. IV-13 shows the spectrum of- 200 L of 16o on Pt( 111) at 300 K, 

ordered in a p(2 x 2) pattern. This spectrum is the average 

of the results of four separate experimental runs, and represents 

approximately two minutes of integration time per data point. 

The linewidth of the mode ·is approximately 38 cm-1 , several times 

the width of the CO vibration. This is somewhat surprising; based on 

the parameters that enter the Persson theory, one would expect a 

somewhat narrower line for oxygen than for CO. The large width could 

be due to coupling to other· adsorbate vibrations, or to -increased 

sensitivity to inhomogeneous. effects. In any event, it, combined 

with the low oscillator strength of t_he mode, effectively precludes a 

detailed investigation with the present apparatus. 
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CHAPTER V 

Conclusions 

The work reported here clearly demonstrates the usefulness of 

infrared emission spectroscopy in the study of adsorbate-substrate 

vibrations at frequencies of 400-1000 cm-1. It represents the first 

high resolution measurement of the C-Pt stretching vibration of CO on 

Pt(111), and the first detailed spectroscopic investigation of any 

molecule-substrate vibration. The linewidth and frequency shift data 

presented in Chap. IV represent new information on the dynamics and 

interactions of CO on Pt( 111). The first measurement of the line

width of the fundamental stretching mode of atomic 0 on Pt( 111) has 

also been made. 

A major objective of this research has been the identification of 

the line-broadening mechanism of the carbon-metal stretching vibra

tion. Experimental data from the emission experiment, combined with 

theoretical estimates, supported the idea that phonon-media ted 

lifetime broadening dominates the linewidth for the C-Ni stretch mode 

of CO on Ni(100). For CO on Pt(111), it is clear that the linewidth 

is predominantly inhomogeneous. The observed effect of temperature 

on the linewidth, while not completely clear, excludes any thermal 

broadening on the scale predicted for a phonon-mediated decay 

process. The asymmetric line shape also supports an inhomogeneous 

broadening mechanism. 

This observation does not imply that the C-Ni mode is also 

inhomogeneously broadened. For CO on Ni(100), the vibrational decay 
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can occur by two-phonon emission, whereas three phonons are needed 

for CO on Pt(111). In addition, there may be other substrate-

dependent effects that cause the line-broadening to be quite diffe

rent in the two cases. 

Refinement of the experiments on Pt( 111) is clearly desirable, 

and will be attempted. I intend to monitor and control more care

fully the state of the surface and the composition of the background 

gas during high temperature dosing. A modification of the sample 

mount to allow lower temperatures to be explored is also possible; 

this change would also reduce the time during which background gas 

can adsorb on the clean surface. 

There has been some improvement in spectroscopic sensi ti vi ty 

since the measurement of the original spectra of co on Ni ( 100), 

notably the installation of a chopper and of more effective cold 

baffling around the sample. Because of these changes, a measurement 

of the temperature dependence of the C-Ni linewidth is a possibility, 

although the low oscillator strength of that mode makes the experi

ment difficult. Other adsorption systems will also be contemplated. 
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CHAPTER VI 

Infrared Absorption Spectroscopy 

Introduction 

This chapter describes another investigation, related to the 

infrared emission experiments discussed in the preceding chapters 

only in that it involves the use of a novel method of infrared 

surface vibrational spectroscopy for the investigation of adsor

bates. The technique is infrared absorption spectroscopy, and it was 

developed by Bailey, et al.1, who used it to study CO on evaporated 

Ni films. The work on Ni was continued by Levinson, et a1.2, and I 

participated in those experiments. The experiments described here 

were performed primarily by Paul Dumas; however, I played a major 

role in planning, evaluating, and interpreting the research. They 

concern the adsorption behavior of CO on evaporated noble metal (Ag, 

Au, and Cu) films at low temperature. A complete discussion of this 

work will be published3,4. 

The structure of this chapter will be as follows: First, I will 

give a brief discussion of infrared absorption spectroscopy and a 

description of the instrument used. More detailed descriptions can 

be found elsewhere1 ,5,6. Second, I will give some background on the 

experiments, indicating the significance of infrared studies on noble 

metal films, particularly with regard to the phenomenon of Surface 

Enhanced Raman Scattering (SERS). Finally, I will present the data 

and summarize the results of the work. The results fall into three 

areas: the dependence of the adsorption behavior on the deposition 
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temperature of the film, the shift of the C=O stretch frequency 

with coverage, and the question of the existence of an infrared 

enhancement. 

Experimental Apparatus and Techniques 

The advantage of infrared emission spectroscopy over the more 

common reflection-absorption technique was pointed out in Chapter 

III: Emission spectroscopy gives a smaller bulk background by a 

factor of order ten. This same advantage can be realized by measur

ing directly the power absorbed in the sample, since absorptivity and 

emissivity are equal, in thermal equilibrium. A number of methods 

exist for measuring absorbed power, including photoacoustic spec

troscopy 7, photothermal deflection spectroscopy8, and photothermal 

displacement spectroscopy9. However, the sensitivities of these 

techniques are insufficient for surface studies using thermal 

sources8. Bolometric detectors operated at liquid helium tempera

tures, on the other hand, are capable of photon noise limited 

performance over a wide range of backgrounds. This experiment relies 

on bolometer technology developed for low-background astronomy10,11 

In this direct absorption experiment, the sample is part of a 

bolometric detector. The requirements of low heat capacity and 

sensitive thermometry necessary for sensitive detection impose severe 

constraints on the operating temperature and the type of sample that 

can be measured. In order to obtain adequate response time and 

detection sensitivity a sample temperature of -2 K is needed. The 

samples are thin metal films evaporated on a dielectric substrate 
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(sapphire), which has a high Debye temperature and high thermal 

conductivity at low temperature. A gallium-doped germanium thermo

meter is attached to the back of the substrate. The assembly is 

supported by tungsten wires, and connected by thin copper wires to a 

heat sink at -1 .2 K. 

The sample is surrounded by radiation shields both at liquid 

helium and at liquid nitrogen temperatures. These shields are 

necessary to prevent radiation from the room temperature surroundings 

from reaching the sample. Small amounts of warm radiation would 

cause addition photon noise, while large amounts could saturate the 

sensitive bolometer. Cryopumping by the shields also helps to 

maintain UHV conditions in the vicinity of the sample. Without 

cryopumping, the diffusion-pumped UHV chamber has a base pressure in 

the 10-10 torr range. In the present apparatus, the shields prevent 

the use of analytical tools other than infrared spectroscopy, which 

could provide for a better characterization of the surface. 

Unpolarized infrared radiation from an EOCOM 7001 P Rapid Scan 

Fourier Transform Spectrometer enters the UHV chamber through an 

indium-sealed KRS-5 window, and is incident on the sample at an angle 

of approximately 820 to the surface normal. The· average absorbed 

power of 16 ~W raises the sample temperature by 0.6 K above the heat 

sink temperature. The sensitivity of the detector is limited by 

photon noise, with an NEP of 8 x 1o-13 W/IHz. 

The films were deposited on the substrate by evaporation from 

silver, gold, or copper wire wrapped on a tungsten filament. 
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During deposition the substrate was held at a fixed temperature, T0 , 

which could be varied between 4 K and 425 K. The deposition rate was 

1 A/s, and no dependence on this rate was found in the range from 1 

to 10 A/s. The film thickness for each deposition was 200 A. 

When the heater was turned off, the substrate cooled within a few 

minutes to 1.8 K, and all infrared data were measured with the sample 

at that temperature. After measurement of a reference spectrum, the 

sample was exposed to a known quantity of CO from a calibrated 

effusive beam doser, and additional spectra were measured. The 

reference spectrum was then subtracted, and the difference divided by 

the reference, ~o that the data are presented in the form of frac

tional absorptances. 

Because of the very complicated structure of low T0 evaporated 

films, it was not possible to determine surface coverages quantita

tively. In the analysis that follows, a sticking coefficient of 

unity is assumed, so that coverage is proportional to exposure. For 

the present case, in which the sample temperature is a factor of 20 

below the desorption temperature of physisorbed CO, such an assump

tion is well founded theoretically 12 • 13 • 14 and, indirectly, experi

mentally14. However, there is no direct experimental or theoretical 

evidence for its validity in the system considered here. 

The spectra displayed have not been smoothed in any way, and no 

baseline fitting has been used. An additive constant has been 

included to clarify the display of multiple spectra. The instrument

al resolution was 4 cm-1 for all spectra shown. 
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Background 

The aim of this study was to use infrared absorption spectro

scopy to elucidate the low temperature adsorption behavior of CO on 

evaporated silver, gold and copper films deposited at various 

temperatures. Such films are of special interest because they are 

known to exhibit SERs15. 

The structural and electronic properties of evaporated films 

depend strongly on TO, the temperature of the substrate during 

the deposition of the film, or equivalently, the highest temperature 

at which a film deposited at low temperature is annealed. For 

example, the SERS intensity of an adsorbate has been found16 to 

depend on T 0 . Recent scanning tunneling micrographs 17 confirm that 

silver films deposited at different temperatures can have radically 

different structures on the 10 A scale. These properties are 

reflected in the adsorption behavior of CO. In the present study, 

two distinct adsorption regimes are observed when the cold metal is 

exposed to CO gas, depending on whether T0 is above or below a 

threshold temperature that varies from 150 K for Ag to 250 K for 

copper and 290 K for gold. For all three metals, films deposited at 

temperatures below the threshold contain large numbers of chemically 

active sites at which CO chemisorbs. Silver and gold films deposited 

at higher temperatures do not support chemisorption. Chemisorption 

is observed on copper for all T0 studied, but striking changes in the 

infrared spectrum are observed for low T0 , indicating a change in the 

film structure. 
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The shift in the frequency of a vibrational band with coverage 

is of interest because it provides a measure of the interadsorbate 

interactions. Such shifts have been studied in some detail for CO on 

single crystal copper18,19,20,21,22,23,24, palladium25 and plati-

num26, 27. The shift is commonly found to have two components: a 

static shift caused by chemical changes induced in an adsorbate by 

neighboring molecules, and a dynamic shift due to direct electromag

netic interactions between the adsorbates. Dynamic coupling through 

the metal has also been suggested28. The chemical effect can shift 

the band either to lower or to higher frequency, depending on the 

details of the interactions in the system under study. The dynamic 

shift, on the other hand, always induces a shift to higher frequency 

with increasing coverage. 

These two effects can be separated experimentally by the 

technique of isotopic substitution. Different isotopes of the same 

chemical species must have the same chemical interactions, but 

because their vibrational frequencies differ by more than the 

linewidth, they can be regarded as vibrationally decoupled29. We 

have performed experiments in which a small quantity of 12co is 

adsorbed, and the peak frequency of its vibrational band is followed 

as increasing amounts of 13co are coadsorbed. The shift of the 12co 

frequency observed in such an experiment represents the effect of the 

chemical interactions alone. The difference between this chemical 

shift and the total shift observed for a homogeneous layer of 12co 
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containing the same number of molecules is attributed to dynamic 

coupling. 

The interaction of adsorbates with noble metal films deposited 

at low temperatures is a subject of great interest because such 

systems are known to exhibit large. enhancements in Raman cross 

section over the values observed either in the gas phase, or for 

adsorption on smooth single crystals15. This is the phenomenon known 

as surface-enhanced Raman scattering, (SERS). It is to be expected 

that dynamic charge transfer associated with chemisorption on smooth 

single crystal surfaces or annealed polycrystalline films will give 

rise to a small increase in the Raman cross section over its gas 

phase value, much as such charge transfer causes the vibrational 

polarizability of chemisorbed CO to be greater than that of gas phase 

CO 15. We will call this effect a "chemical enhancement." Alone, 

however, it should not depend strongly on the structure of the film, 

and cannot explain the very large (104-106) enhancements of the Raman 

cross section observed for molecules adsorbed on rough metal sur

faces, such as those created when metals are evaporated onto a cold 

substrate. We will refer to this large ·enhancement, strongly 

associated with surface roughness, as a "special" enhancement,· to 

distinguish it from the dynamic charge transfer effects that produce 

the "chemical enhancement" on smooth surfaces. 

A large part of the special enhancement observed on rough films 

has been attributed to electromagnetic resonances in the films at 

visible frequencies 15, but it has also been suggested that special 
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Raman-active sites are present in the films 15. At these sites, if 

they exist, dynamic charge transfer processes much stronger than 

those at typical sites on a single crystal surface would make large 

contributions to the Raman cross section. Infrared spectroscopy 

offers a means of separating these two effects, since the charge 

transfer process at special sites would also be expected to enhance 

the infrared response of the adsorbate, while the electromagnetic 

resonances are ineffective at infrared frequencies. 

Experimental Results 

In this section, I will present data and conclusions regarding 

three aspects of CO adsorption on silver, gold and copper films: 

1. Adsorption behavior and film structure. 

2. Frequency shifts and intermolecular interactions. 

3. Integrated vibrational band intensities and enhancement. 

I will discuss each topic in turn, presenting the data for silver and 

for copper. The results for gold differ only in detail from those 

for silver; while I will note the differences, the gold data will not 

be presented systematically. 

Adsorption behavior and film structure: For all three metals, 

the nature of the adsorption of CO depends strongly on T 0 , the 

deposition or highest annealing temperature of the film. In each 

case, there is a threshold value of T0 , which separates regimes of 

strikingly different adsorption behavior. Silver and gold films 

deposited or annealed at low T0 contain many sites for CO chemisorp

tion, while those deposited or annealed at high T0 do not. The 
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threshold value of T0 for silver is 150 ± 10 K, and for gold it is 

290 ± 10 K. Copper films, on the other hand, support CO chemisorp-

tion for all T0 , but the vibrational spectra indicate that the film 

structure undergoes a significant transformation near T0 = 250 K. 

Fig. VI-1 shows infrared spectra of increasing amounts of CO 

adsorbed on a silver film deposited at T0 = 300 K, which is well 

above the threshold temperature. A single narrow band is observed at 

21lJ3 cm-1, which is equal to the vibrational frequency for gas phase 

CO. The.band is not observed to shift with coverage, and it disap

pears if the sample is annealed briefly at 25 K. These three 

features: the gas phase frequency, th~ lack of any measurable shift, 

and a low desorption (or reorientation) temperature, are characteris

tic of physisorption. This result is consistent with the known 

behavior of CO on single crystal silver surfaces, which also do not 

support CO chemi sorption30. No vibrational band attributable to 

chemisorbed CO is observed for silver or gold films with T0 above the 

threshold temperature. 

Due to the infrared selection rules qiscussed in Chapter III, the 

observation of an infrared signal from physisorbed CO implies that at 

least some of the physisorbed molecules are oriented with their axes 

perpendicular to the surface. It will be shown below that there is 

reason to believe that nearly all of the physisorbed molecules are in 

such an orientation. This is in contrast to recent photoemission 

results, which suggest that physisorbed CO on silver single crystals 

at lJO K is bonded either with its axis parallel to the surface, or in 

lOll 



... 

... 

0 
c 
C'l 
(/) 

Q) 
0 
0 
*..... 
::3 

(/) 

0 
c 
0 
~ 

0 
0 ... 

IJ... 

2100 2150 2200 
Wavenumber (cm-1-) 

XBL 854-60S5, 

Fig. VI-1. Infrared spectra of the C=O stretch vibration of CO 
physisorbed at 2 K on a silver film deposited at T0 .. 300 K, as a 
function of exposure, showing a single narrow band at 2143 cm-1. 
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a random orientation30. The results could be reconciled if the 

physisorbed CO undergoes a transition from 'a perpendicular to a 

parallel orientation near 25 K. Additional evidence supporting this 

hypothesis is presented below. 

Infrared spectra are shown in Fig. VI-2 for various quantities of 

CO on a silver film deposited at T0 = 4 K, whiqh is far below the 

threshold temperature. At low exposure, a single broad band appears 

at 2148 cm-1, above the gas phase frequency. It grows in intensity 

and shifts to lower frequency with increasing exposure up· to -0.3 L. 

The band is much broader than that due to physisorbed CO (Fig. VI-1) 

and it is asymmetric, with a tail' to lower frequency. For a film 

that is certainly rough there is every reason to believe that the 

1 i ne shape represents inhomogeneous broadening. A temperature of 

80 K is required to remove the band. The shift in frequency from the 

gas phase value, the strong frequency shift with exposure, the large 

linewidth, and the relatively high desorption temperature clearly 

indicate that the CO is in_ a chemisorbed state. It is clear, 

therefore, that low T0 silver films contain chemically active sites 

at which CO can chemisorb, in marked contrast to the behavior 

observed on films deposited at room temperature and on single 

crystals. 

After an exposure of 0.4 L, a second, much sharper band appears 

at 2143 cm-1• This band can be removed by heating the sample to 

40 K, and is certainly due to physisorbed CO. This CO may form a 
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Fig. VI-2. Infrared spectra of CO chemisorbed on a silver film 
deposited at T0 = 4 K. A broad band due to chemisorbed CO appears at 
low coverage at 2148 cm-1, and shifts to lower frequency with 
increasing exposure. At an exposure of 0.4 L, a sharp band due to 
physisorbed CO appears at 2143 cm-1, and the band due to chemisorbed 
CO shifts further to low frequency. 
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second layer on top of the chemisorbed species, or it may initially 

occupy sites in the film that do not support chemisorption. 

From the radically different behavior of CO on silver (and gold) 

films deposited at T0 = 4 K and at To = 300 K, it is clear that the 

two films must have significantly different chemical and structural 

properties. In particular, films deposited at ·low temperature 

include reactive sites on which CO readily chemisorbs, while ·rums 

deposited at room temperature do not. Based on the exposure at which 

the chemisorption band ceases to increase in intensity, and assuming 

a sticking coefficient of unity, one can estimate the surface density 

of such sites. Low T0 films are known ~o be rough17, with a surface 

area estimated as 20-50 times that of the smooth substrate31. The 

density of active sites is thus on the order of 1013 cm-2, so that 

they occupy -1% of the surface. 

Despite this low concentration, Fig. VI-2 shows that a band due 

to physisorbed CO appears in the spectrum only after all of the 

chemisorption sites are filled. If, as assumed, molecules that 

initially strike the surface far from an active site physisorb with 

high probability, these molecules must be sufficiently mobile to 

migrate to an unoccupied active site within a few seconds. Thus any 

activation energy for diffusion or chemisorption must be quite small. 

It is possible to imagine, instead, that CO physisorbs readily 

only at sites already occupied by chemisorbed CO, so that initial 

adsorption could occur only at the active sites. Such a model would 

imply a sticking coefficient much less than one, and an active site 
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concentration much lower than suggested above. This type of adsorp

tion model, however, fails to account for the linear dependence of 

the integrated band intensity on exposure (Fig. VI-5), the absence of 

a signal due to phy si sorbed CO at exposures less than 0. 4 L 

(Fig. VI-2), and the success of the dipole coupling model with 

reasonable parameters (Figs. VI-12, VI-13). 

It is tempting to identify the chemically active sites with the 

Raman-active sites postulated by some authors 15. As we will see, 

however, CO adsorbed at these sites does not exhibit the abnormally 

high infrared vibrational polarizability suggested by such theories 

of SERS. 

The adsorption behavior of CO on copper films has important 

similarities to the behavior on silver and gold, but it also shows 

significant differences. The most significant difference is that. 

copper films support CO chemisorption regardless of deposition 

temperature,- as we might expect in view of the fact that CO also 

chemisorbs on single crystal faces of copper~8-24. 

Nevertheless, we observe strikingly different vibrational 

spectra, depending on whether the substrate temperature during copper 

deposition was above or below 250 K. Fig. VI-3 shows infrared 

spectra for various quantities of CO chemisorbed on a film deposited 

at To = 300 K. The spectrum is characterized by a single broad band 

with a peak frequency of 2085 cm-1, and a linewidth (FWHt1) of 30 

cm-1. The frequency remains constant up to 0.3 L, at which point the 

appearance of a band due to physisorbed CO is accompanied by a shift 
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of the primary band to lower frequency. 

cussed below. 

This shift will be dis-

When the film is deposited at T0 = 4 K, the corresponding 

spectra, shown in Fig. VI-4, are quite different. The single band 

appears at higher frequency, 2102 cm-1, and is much narrower, with a 

width of only 17 cm-1. The peak frequencies observed for the two 

types of film are fully consistent with those found in earlier 

studies23. It should be noted that much narrower lines have been 

observed for CO on single crystal faces of Cu 18-24; the widths 

observed in the present study are undoubtedly caused by inhomogeneous 

broadening. 

Nevertheless, it is surprising to find a much narrower line dn 

the film evaporated at lower temperature, which is presumably much 

rougher and more disordered than the film deposited at room temperat

ure. Since the microscopic structure of the films is unknown, one 

can only speculate as to the cause of the difference in linewidth. 

Films deposited at high temperatures are likely to be polycrystalline 

in nature, consisting of microcrystalli tes of various orientations, 

so that the surface consists of a collection of microscopic low-index 

crystal faces. The infrared bands for CO on such surfaces lie23 in 

the frequency range of approximately 2080-2110 cm-1 , so that an 

ensemble of such faces could show a broad band such as that seen in 

Fig. VI-3. The film deposited at very low temperature, by contrast, 

could be so rough on an atomic scale that it contains only a rather 

small number of different types of adsorption site. These sites 
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Fig. VI-4. Infrared spectra of CO adsorbed at 2 K on a copper film 
deposited at T0 = 4 K, as a function of exposure. A sharp band due 
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might be on small clusters of atoms of various sizes. In such a 

case, it is possible that the linewidth of the vibrational band would 

be narrower than is seen on polycrystalline films. 

In summary, the dependence of the adsorption behavior on the 

me tal depos_i tion temperature, T 0, is similar for all three noble 

metals. A significant change in the vibrational spectrum is observed 

when T0 crosses a threshold. It can be assumed that the change is 

due to structural features in the films deposited at low temperatures 

that are removed by annealing at higher temperatures. For silver and 

gold, films deposited at low T0 contain large numbers of special 

active sites at which CO chemisorbs, while films deposited at 

temperatures above the threshold, and single crystal samples of 

silver30, do not support chemisorption. It does not appear to be 

known whether CO chemisorbs on single crystal gold. Copper differs 

from the other two metals in that CO does chemisorb on single crystal 

copper surfaces, and on films deposited at all temperatures studied. 

Nevertheless, the vibrational spectra of CO on copper reflect great 

differences between films deposited at temperatures above and below 

the threshold. 

Frequency shifts and intermolecular interactions: Fig. VI-5 

shows the frequency and integrated intensity of the band due to 

chemisorbed CO on a silver film with T0 = 4 K, as a function of co 

exposure. The frequency shifts with coverage from 2148 cm-1 at low 

coverage, to 2123 cm-1 after an exposure of 0.4 L. The source of the 
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shift can be clarified using the isotopic mixing procedure discussed 

earlier. 

Fig. VI-6 shows a sequence of infrared spectra for 0.02 L 12co 

chemisorbed at 2 K on a gold film deposited at T0 = 4 K, with 

increasing quantities of coadsorbed 13co. The higher frequency 12co 

band shifts to lower frequency due to the chemical effect of the 

coadsorbed 13co. The frequency of the 12co band as a function of 

exposure is plotted in Fig. VI-7, together with the total shift, 

(from Fig. VI-5), observed for the same exposure of 12co alone. The 

size of the chemical shift is substantially greater than the total 

shift. The most popular explanation of a chemical effect on the C=O 

stretch frequency is due to Blyholder32,33 and involves the effect of 

backdonation of metal electrons into the antibonding 2n* orbital of 

CO. Because the orbital is anti bonding, such backdonation reduces 

the C=O stretch frequency, and changes in the amount of backdonation 

with coverage can cause frequency shifts. For example, a positive 

frequency shift, (an increase in the vibrational frequency with 

increasing coverage), which is observed for CO on Pd25, is explained 

in terms of competition for backdona ted electrons. When more 

molecules have to 1 share 1 the metal 1 s donated electrons, the back

bonding is reduced. The resulting decrease of the population of the 

2n* orbital causes a shift of the band to higher frequency. A 

quantitative relationship between CO stretch frequency and 2 n* 

occupation has been obtained by Baerens and Ros34, who compared 2n* 

populations obtained from LCAO-HF calculations with experimental C=O 
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stretch frequencies for a series of carbonyl complexes. Unfortu

nately, there is as yet no quantitative theory for the relationship 

between 2n* occupation and coverage. 

In order to explain the negative shift observed in the present 

experiment with this model, we need to explain an increase in 2n* 

occupation with increasing coverage. Such an explanation has been 

advanced by Woodruff, et al. 18. They assume that the interaction 

with the metal causes the 2n* orbitals to have a large spatial 

extent, so that they overlap even at rather low coverage. The 

overlap further, broadens the orbital in energy, which could cause the 

amount of backdonation to increase, as more of the orbital lies 

below the Fermi level in energy. 

An alternative argument, not based on 2n* backdonatioh, has been 

offered by Pritchard and coworkers19,23 to explain the downward fre

quency shift observed for CO adsorbed on copper films. They argue 

that for these systems, backdonation should be unimportant, because 

the metal d-band, which is responsible for backdonation on transition 

metals, lies 2-4 eV below the Fermi level in noble metals, and should 

therefore be unable to interact strongly with the 2n* orbital, which 

must overlap the Fermi level in order for its occupation to be 

coverage-dependent. Instead, they argue that charge transfer from 

the molecule to surface metal atoms weakens the o bond between the 

carbon atom and the metal, and this in turn lowers the C=O stretch 

frequency. The assumption that backdonation is insignificant, 

however, seems untenable. As the next section will make clear, the 
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vibrational polarizabili ty of the adsorbed CO is substantially 

enhanced over its gas phase value; this is most easily explained by 

dynamic charge transfer between the metal and a partially occupied 

molecular orbital at the Fermi level35. Moreover, recent angle

resolved photoemission experiments for CO on copper directly show 

occupation of the 2n* orbital36. 

Both of the above mechanisms invoke a chemical interaction 

between the adsorbates, either direct or substrate-media ted, to 

account for changing adsorption chemistry, and thus for the chemical 

shift. It is clear, however, that for CO on low T0 films, a large 

portion of the chemical shift occurs even when the coadsorbed 

molecules do not interact chemically with the surface. 

The first evidence for this statement is seen in Figs. VI-2 and 

VI-5, in which the appearance of physisorbed CO in the spectrum is 

accompanied by an additional shift in the frequency of the band due 

to chemisorbed CO. The effect is shown even more dramatically in 

Fig. VI-8. The bottom curve shows the spectrum for a silver film 

deposited at T0 = 4 K, saturated with chemisorbed CO, but without any 

physisorbed molecules. In the middle curve, ·another 0.625 L CO have 

been added, giving a strong peak due to physisorbed CO and shifting 

the band due to chemisorbed CO to lower frequency. The sample was 

then he a ted to 40 K, desorb ing the physisorbed molecules. The 

chemisorbed band returned to its original frequency. 

If the sample of Fig. VI-8(b) is heated to a temperature between 

25 and 40 K, the band due to physisorbed CO disappears, but the band 
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due to chemisorbed CO does not shift back towards its original 

position. This strongly suggests that in this temperature range, the 

CO remains on the surface, but assumes an orientation parallel to the 

surface. 

Fig. VI-9 shows that similar results are observed when the 

coadsorbate is an inert gas, so that there is no question of a 

chemical interaction with the substrate. In this experiment, 0. 1 L 

CO was chemisorbed on a silver film deposited at T0 = 4 K, and 

increasing amounts of argon were coadsorbed, up to an exposure of 

1 L. A shift in the C=O stretch frequency of 16 cm-1 is observed. 

No shift was detected, however, for Ar exposures less than 0.1 L. 

It is possible to construct a qualitative model to explain these 

results in terms of the effect of work function changes on 21r* 

backdonation. It is known that physisorbed CO on Ag(111)30 and 

chemisorbed CO on copper23 decrease the work function by 0.8 eV and 

0.4 eV, respectively. It seems reasonable to assume that chemisorbed 

CO on silver films deposited at low temperatures has a similar 

effect. Adsorption of rare gases also generally lowers the work 

function37. 

We model the effect of the change in the work function, 60, on 

the occupation of the 21r* level in ,terms of the model presented by 

Otto, et al.31, for the energy of a molecular orbital. The energy 
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separation of the orbital from the metal Fermi level can be written, 

(see Fig. VI-10): 

6E=0+B ( 11) 

where 0 is the work function, and B is the binding energy of the 

orbital relative to the vacuum. If the orbital is broad and par

tially overlaps the Fermi level, a decrease in 6E will cause an 

increase in the occupation of the orb! tal. This could come about 

through a change in B due to a chemical interaction with other 

adsorbates. It could also occur, however, through a change in 0, as 

shown schematically in Fig. VI-10(b) and in Fig. VI-11. 

Such a model accounts qualitatively for the experimental results, 

but it appears surprising that the change in the work function due to 

a coadsorbed atom or molecule would extend far enough to have a 

significant effect at very low coverages. Indeed, it appears that Ar 

coadsorption has little effect on the C=O frequency at exposures less 

than 0.1 L. It is possible that the shift seen at very low coverages 

is due primarily to a true chemical interaction mediated by a 

partially filled electronic surface band in the metal; the strength 

of such an interaction has been predicted38,39 to vary as r-2. 

The difference between the total shift and the chemical shift is 

attributed to the effect of vibrational coupling. This shift 

is plotted, along with the integrated intensity, in Fig. VI-12. The 

effect of vibrational coupling on the frequency shift and on the 

integrated intensity of the band can be analyzed using the theory of 

Persson and Ryberg40 (P-R). This theory assumes pure dipole interac-
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tion between molecules adsorbed randomly on sites in a periodic 

lattice. It is not clear that such a model is applicable to the 

present case, in which the surface structure is certainly complex and 

the distribution of sites is unknown. The application of the theory 

to the present experiment also requires the important, but reasonable 

assumption that the sticking coefficient is constant. This assump

tion is supported by the linear dependence of the integrated inten

sity on exposure (Fig. VI-5). The success of the model in accounting 

for the experimental data provides some justification for the 

assumptions, and also suggests that vibrational interactions mediated 

by the metal, such as those suggested by Moskovits and Hulse28, are 

not of importance. 

The P-R model predicts the variation of the frequency and the 

relative integrated intensity with coverage based on four fundamental 

parameters: a.v and a.e, the vibrational and electronic polarizabi

li ties of the adsorbed molecule, w0 , the frequency of an isolated 

adsorbed molecule, and U(O), which represents the dipole part of the 

electromagnetic interaction between a molecule and all the surroun

ding molecules, including the response of the metal. In practice, a.e 

is taken to be equal to the value for gas phase CO, 3.0 A3, and w0 is 

determined by projecting the frequency vs. exposure curve of Fig. VI-

5 down to zero exposure. The remaining two parameters are chosen to 

obtain the best fit to the data of Fig. VI-12. 

The lines in Fig. VI-12 show the result of such a fit using the 

following values of the adjustable parameters: a.v = 0.27 ± 0.015 A3, 

127 



and U(O) = 0.04 ± 0.002 A-3. The fit to the integrated intensity 

variation is excellent, while the scatter in the dynamic shift data 

is too great to allow an unambiguous,evaluation to be made. 

Analogous sets of experiments were also performed on gold and 

copper films with T0 4 K. Table 1 summarizes the components of the 

shift in each case. The case of copper is particularly interesting; 

no frequency shift at all is observed for a homogeneous layer, but 

when the dynamic interaction is removed by isotopic substitution, the 

rather large chemical shift is apparent. Figs. VI-13 and VI-14 

present the integrated intensity and dynamic shift data for gold and 

copper respectively, and display the P-R fit to the data. The 

parameters used are listed in Table 2. In each case the fit to the 

th_eory is excellent. 

The ability of the IR absorption apparatus to make absolute 

comparisons of absorbed power on otherwise idenpcal samples of 

different metals allows a consistency check on the parameters in 

Table 2 to be made. The P-R theory40 gives an expression for the 

integrated intensity in terms of parameters that are either known in 

advance, or deduced from the dependence of the vibrational shift and 

integrated intensity on coverage. Therefore, having already deter

mined all of the parameters, one can predict the ratios of the band 

intensities for a given exposure of CO on the three metals, and 

compare them with the experimental values. Fig. VI-15 shows a set of 

such spectra, for an exposure of 0.1 L CO, and Table ·3 compares the 

calculated and measured ratios, which agree very well within experi-
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TABLE 1 

- Chemical, dynamic, and total shift of the C=O stretch vibration 

exposure, for chemisorbed CO on Ag, Au, and Cu films with T0 = 4 K. 

Ag 

Au 

Cu 

Chemical 
shift 
(cm-1 ) 

-30 

-21 

Dynamic 
shift 
(cm-1 ) 

+12 

+17 

+21 

Total 
shift 
(cm-1) 

-26 

-13 

0 
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TABLE 2· 

Parameters used in dipole coupling model to fit vibrational shift 

and intensity variation with exposure, for chemisorbed CO on evapo-

rated Ag, Au, and Cu films with T0 = 4 K. 

( cmw_~) 

Ag 2148 

Au 2125 

Cu 2102 

0.27 ± 0.015 

0.40 ± 0.020 

0.27 ± 0.015 

3.0 

3.0 

3.0 

U(O) 
<r3> 

0.04 ± 0.002 

0.04 ± 0.002 

0.095 ± 0.005 
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TABLE 3 

Ratios of infrared intensities for 0.10 L chemisorbed CO on Ag, 

Au, and Cu films, as predicted by the dipole coupling model, and as 

measured from Fig. VI-15. 

Ag/Cu 

Au/Cu 

Theoretical 
ratio 

0.38 ± 0.08 

0.75±0.15 

/ 

Experimental 
ratio 

0.33 ±0.03 

0. 72 ± 0. 07 
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mental error. This result confirms the applicability of the dipole 

coupling model to this experiment and the reliability of the param

eters deduced.from the model. 

Integrated band intensities and enhancement: Information 

regarding intensities can be obtained from the values of av derived 

from the vibrational frequency shift and given in Table 2 for the 

three noble metals. Within the P-R dipole coupling theory, the 

infrared intensity of the band for a given coverage is directly 

proportional to av, in the absence of screening by other molecules. 

Thus a "special" infrared enhancement associated with special sites 

on films deposited at low temperature would appear as a value of av 

greater than that observed for chemisorbed CO on single crystals. 

Therefore, the first significant point about the values in Table 

2 is that the values of av are very close to those found on single 

crystals. The value for CO chemisorbed on silver and copper, for T0 

= 4 K, for example, is identical to that found for CO on Cu(100)4o. 

Thus, there seems to be no sign of any "special" enhancement of av 

associated with films deposited at low temperatures. However, CO on 

silver and gold is only weakly chemisorbed, as indicated by desorp

tion temperatures of 80 and 170 K, respect! vely. In view of this 

weak bonding, it might be expected41 that the degree of normal charge 

transfer enhancement would be less than observed on Cu(100). In such 

a view, the fact that av for CO on silver is as high as for CO on 

Cu(100), and the value for gold even higher, can be taken as evidence 

for some degree of infrared enhancement associated with the low 
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deposition temperature of the films. The degree of such enhancement, 

if any, is certainly not great, however, and it is notable that in 

the case of copper, no effect associated with low T0 is observed. 

The derivation of the values of a.v given in Table 2 is somewhat 

indirect, relying as it does on the dipole-coupling model. A more 

direct estimate can be made for the cases of silver and gold by 

comparing the integrated intensities for the same quantity of CO 

chemi sorbed on a film deposited at T 0 = 4 K, and physisorbed on a 

film deposited at a temperature above the threshold. If all of the 

physisorbed molecules are assumed to be oriented perpendicular to the 

surface, so that they contribute to the infrared signal, and. the 

screening due to a.e is taken to be the same for the two species, then 

the polarizabili ties a.v are in the same ratio as the intensities. 

If a.v for the physisorbed species is then taken equal to the gas 

phase value, 0.05 A3, the values for chemisorbed CO can be estimated 

to be a.v = 0.20 A3 for silver and 0.40 A3 for gold, in good agreement 

with the values deduced from the dipole coupling model. 

In the analogous experiment with copper, the CO chemisorbs on 

both films, and the intensities are equal within 10%. This experi

ment constitutes direct evidence that CO chemisorbed on a rough film, 

deposited at T0 = 4 K, shows no special infrared enhancement compared 

with a film annealed at room temperature. 

For all three noble metals, there appears to be no sign of any 

special infrared enhancement on rough films, beyond the chemical 

enhancement normally observed for chemisorbed CO on single crystals. 
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The experiments suggest, therefore, that dynamic charge transfer at 

special sites peculiar to rough films does not contribute signifi

cantly to the SERS phenomenon. 

Mobility effects: Finally, I will discuss the puzzling results 

obtained on the three systems when a quantity of CO is chemisorbed at 

2 K on a film deposited at T0 = ~ K, and then heated to successively 

higher temperatures, allowing the molecules to move more freely on 

the surface. Fig. VI-16(a) shows the spectrum of 0.0~ L CO on a 

silver film after deposition at 2 K and after heating to 20 K, ~0 K, 

and 80 K. Annealing at ~0 K produces an increase in the integrated 

intensity by a factor of 1.~. as well as a narrowing of the band. 

The absence of any frequency shift excludes the possibility of 

additional CO adsorption during heating; it also tends to exclude the 

possibility that the molecules are moving to sites of substantially 

different chemistry. Annealing the clean film prior to depositing 

the CO does not produce the enhancement; thus it is not a substrate 

effect. The source of this effect is unclear; it is possible that 

the molecules are migrating to chemically equivalent sites that are 

located in regions of enhanced electric field. Such sites might be 

located in microscopic pores~2.~3, cavities~~. or at steps~5. 

Such an interpretation is supported by the observation that a 

saturated film (Fig. VI-16(b)), does not show any increase in the 

integrated intensity, as would be expected since all sites are 

already filled. The saturated film does, however, show a shift of 

the band to higher frequency and a band narrowing. These effects are 
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not understood; they indicate the complexity of the true nature of 

evaporated films. 

Very similar results are observed for CO on gold. The increase 

in integrated intensity for the partially filled surface, on annea-

ling at 150 K, was a factor of 2. For a saturated film, there is 

little or no intensity change, and no frequency shift until the 

sample is heated above 40 K; then the band shifts to higher fre

quency, as was the case with silver films. 

The results of a similar experiment on copper, shown in Fig. 

VI-17, were different. Little or no intensity change, and no 

frequency shift, were observed either for a partially or a completely 

filled surface, for annealing temperatures up to 80 K. At higher 

temperatures, a decrease in the band intensity was observed, probably 

due to CO desorption. Whether the difference is due to structural 

differences between copper films and gold and silver films, or to 

differences in CO mobility on the different surfaces, is not known. 

Conclusion 

Infrared absorption spectroscopy, using a thermal detection 

technique, has been used to investigate different aspects of the 

interaction of CO molecules with evaporated silver, gold, and copper 

films as a function of coverage and film deposition temperature. 

Silver films deposited at temperatures below 150 K and gold films 

deposited below 290 K exhibit chemically active sites at which CO 

molecules can chemisorb. These active sites are in relatively high 

concentration. For higher deposition temperatures, only physisorbed 
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CO is detected when the film is exposed to gas at a sample tempera

ture of 2 K. 

In both cases, a large chemically induced shift of the frequency 

to lower frequency with increasing coverage is partially offset by a 

dipole shift in the opposite directions. These two effects have been 

separated by isotopic mixing experiments. A substantial part of the 

chemical shift occurs even when the coadsorbed species is physisor

bed, and it is suggested that changes in the local work function play 

an important role in the part of the frequency shift. The dynamical 

shift is well modeled by the dipole coupling theory of Persson and 

Ryberg40. 

The adsorption behavior of CO on copper, though similar, differs 

in detail from that on silver and gold. Chemisorption is observed 

for all deposition temperatures, but a radical change occurs in the 

vibrational spectrum at a deposition temperature of 250 K. Films 

deposited at higher temperatures show a broad band around 2085 cm-1, 

while for lower deposition temperatures the band is narrower and 

peaked at 2102 cm-1. The chemical shift is somewhat smaller, 

and the dipole shift somewhat larger, than on silver and gold, 

resulting in essentially no net shift with coverage. As with the 

other metals, a dipole coupling model accounts well for the dynamic 

shift. 

Because of the suggestion of a special infrared enhancement 

on rough evaporated films, related to the SERS phenomenon, the 

infrared band intensities and vibrational polarizabilities have been 
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considered very carefully, using several independent experiments. 

In all cases there is no evidence for any large special infrared 

enhancement associated with the special properties of rough evapora

ted noble metal films deposited at low temperature. 

There remain many, questions regarding adsorption on evaporated 

films. The detailed electronic and structural properties of the 

films are unknown. . The nature of the special adsorption sites that 

are present on silver and gold films deposited .at low temperatures 

has not been determined. Some of the effects that were observed in 

these experiments, particularly the changes observed in the vibra

tional spectrum when the sample is heated, remain unexplained. There 

is a clear need to combine vibrational spectroscopy with other 

techniques, such as electron microscopy and photoemission, in order 

to clarify some of these issues. 
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