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I. Introduction

Measubements 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 dn
background radiation that can be many orders of magnitude strongér. To
be successful, an experiment must be both well conceived and well
executedf The conventional approaches are transmittance and
reflection-absorbtion spectroscopy. Hoffmann(1) and Ryberg(Z) have
reviewed the reflection-absorption technique. Many approaches have been
used to enhance the size of the surface signal relative to the
backgrounds. These include multiple reflection,(3'”) attenuated
total internal reflection,(s) surface electromagnetic waves,(6) and
Stark modulation,(7) as well as direct measurements of absofption and
emission. In this paper we will review some aspects of infrared
technology that are relevant to this measurement problem and then
describe direct absorption and emission techniques as applied to the
vibrational spectroscopy of adsorbed atoms and molecules on metal
surfaces. The techniques described will have applications to other
surface spectroscopies such as atoms or molecules adsorbed on
transparent insulators and to chemiluminescence, but the discussion will
focus on the important, and especially difficult problem, of the

vibrational spectroscopy of adsorbates on metals.



The high conductivity of metals insures that the infrared electric
vector at the position of the adsorbate is very néarly perpendicular to
the surface. The infrared beam must have a large angle of incidence to -
produce this perpendicular field. Under these conditions, 10-20% 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 th;t is 80-90%
of the incident infrared beam. Variations in this background, whether
due to source fiuctuations, spectrometer instability, or photon
statistics appear as noise.

The background encountered in a reflection absorption experiment is
not fundamental. Techniques which measuré the power absorbéd in the
sample, or the power emitted by the sample, have lower backgrounds by a
factor of order 10 than reflection experiments. Since most carefully
designed experiments are limited by the ability to cancel ﬁhese
backgrounds, this can be a worthwhile improvement. One quantity of

interest is the ratio of the strength of the molecular signal to the

-

signal absorbed by, or reflected by, the metal. In Fig. 1 (b) we show
this ratio as a functionvof incident angle for CO chemisorbed on Ni. We
see that the fractional molecular signal peaks at large angles of
incidence for bqth absorption and reflection, but that the peak is both

wider and higher for absorption than reflection. The advantage of
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direct absorption measurementsvis even greater for metals with higher
conductivity such as Cu, Aé. Au or Pt. Since interesting surface
species are being studied which have peak absorptivities less than 10-*,
however, a background signal corresponding to an absorptivity of 10-! or
even 10-2 is far from negligible. For this reason it is in principle
easier to measure a given small adsorbate signal on a lossless
dielectric substrate than on a metal.

The large background encountered in any infrared experiment on a
metal substrate requirés careful attention to the modulation scheme -
used. Ideally, the modulation in an IR surface experiment serves two
functions: to distinguish the surface signal from the substrate
background, and to avoid low frequency noise and drifts. In general, a
singie modulation technique may not ac&omplish both objectives.

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. A second form
of faster modulation is generally needed in addition. Sensitivity to
drifts is minimized if the fast modulation is also partially surface
selective. Two modulation schemes that also distinguish surface from

(4,8,9)

substrate contributions are polarization modulation and

wavelength modulation.(2'1°-1?)



Polarization modulation exploits the fact that only the p-polarized
component of the infrared beam contains the surface signal. A rotating
polarizer(uoe) or photoelastic modulator(9) 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-dgpendent as is

typically the case with a grating instrument, a second polarizer, fixed

at an angle between the s- and p-orientations, should be used after the

sWwitched polarizer. 1In principle, the fixed polarizer keeps the
polarization'étate of. the light entering the spectrometer fixed,
regardless of the orientation of the switched polarizer. 1In practice,
imperfections in available infrared polarizers limit the usefulness of
this approach. Nonetheless, over selected frequency ranges,(8) or with
a less polarized spectrometer,(9:?2) polarization modulation can be used
very effectively.

In the case of wavelength modulation,(?ot?j) the wavelength incident
on the detector is modulated, giving a signal after demodulation'
proportional to the derivative of the intensity with wavelength. This
approach enhances sharp spectral features over bro;d ones. It therefore
emphasizes the adsorbate signal if it is sharper than other spéctral
features in the background. The infrared emissivity of metals is
essentially featureless. The spectrometer efficiency, however, must
have no sharp structure in the frequency range of interest. For such a
system, wavelength modulation can be very useful.(10,11)

In the preceding discussion, it is tacitly assumed that background

variations are the primary limit to sensitive surface measurements. We

-

f



believe that this is ;rue for well designed experiments, but it is far
fnom_obvious. Traditionally, infrared spectroscopy hés been source
brightness or, nearly equivalently, detector noise limited.
Developments in infrared technology have occurred, however, which make
it possible to avoid detector noise in the types of éxberiments under
discussion.

A difficult spectroscopic problem, such as the measurement of
the vibratipnal properties of monolayers of adsorbates on metal
surfacéé, can benefit from the most careful experimental analysis.
In order to make this analysis comprehensible, we will present in
Section II a summary of the present status of some relevant
techniques of infrared spectroscopy. In Section III we describe

an experiment which measures the heat deposited in the metal

substrate by the infrared flux from a blackbody source. This

experiment is based on the technology of low temperature

‘bolometric detectors developed for astronomy at submillimeter

wavelengths. It provides high sensitivity and broad wavelength
coverage, but is not easily compatible with the techniques used to
produce clean single crystal surfaces. In this respect its
limitations are similar to some of the acoustic detection techniques
that are used with laser sourceé;(13)

In Section IV we describe an infrared emission experiment in a
cooled environment which has been used to measure the vibrational
frequencies of CO on clean, well characterized single crystal surfaces
of Ni and Pt. This experiment is compared and contrasted with other

emission experiments designed to measure monolayer adsorbates on metals.



Again, infrared technologies recently developed for astronomy can be

used to optimize such measurements.

II. Status of relevant technology
A. Overview |

For many years infrared spectra were measured in the vibrational
frequency range from 400 to 4,000 cm-! using thermal sources,
diffraction grating spectrometers, and room temperature detectors. These
techniques are conveﬁient, and sensitive enough to do many important
measuremehts. Spectroscopists who needed high resolution, or longer
wavelengths, increasingly used cooled photon detectors and/or cooled
bolometric detectors. Since ratios of signal-to-noise remained a
problem, the prejudice arose that infrared spectroscopy is detector
noise (or source brightness) limited.

Fourier transform infrared spectroscopyv(FTIR) is being used
increasingly. In addition to the multiplex advantage over dispersion
spectrometers that is available when the spectroscopy is detector noise
limited, Fourier Michelson spectrometers can have high resolution with
relatively high throughpuf and can cover very wide spectral bands
without changes in optical components. The computer necessary for
Fourier analysis has proved very useful for co-adding spectra and
accurate data manipulation, especially for applications suchAas surface
spectroscopy in which large backgrounds must be subtracted. The factors
which influence the choice of an infrared spectrometer will be discussed
in more detail below.

Tunable_laser sources suitable for vibrational spectroscopy have

become increasingly available for near and middle infrared wavelengths.
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These sources have been extraordinarily useful for very high resolution ‘
measurements, for nonlinear effects, and for short pulse measurements
which require large power density in a narrow spectral band. They have
also greatly expanded the usefulness of a variety of modulation and
detection techniques forvmeasuring weak absorptions.(13,14)

Lasers are of unquestioned value for surface Raman spectroscopy(15)
and surface nonlinear spectroscopies,(?é) which may prove very useful in
the‘futuret The role of laser sources in linear infrared spectroscopy
of monolayer coverages of moiécules on metal surfaces is not obvious.
Because of the large background signals, sources are required that have
very high amplitﬁde stability.. The spectral range of interesting
molecular vibrations is wider than that covered by the more generally
available tunable infrared lasers. Infrared free electron lasers now
under development, however, promise a wider tuning range. If high
stabiiity can be maintained, then these new lasers may prove very useful
for linear surface infrared spectroscopy. Since only moderate
resolution is requireq, the ﬁarrow linewidth of infrared lasers is not a
critical advantage. Useful reviews of the performance of tunable lasers
are available.(17,18)

The power available from laser sources permits the use of relatively
inefficient modulation or detection schemes which can'in principle'
enhance the adsorbate signal relative to the backgrodnd. A
microphone(?“) or a thermometer attached to the sample can measure the
absorbed power, rather than the reflected power. As will be discussed
in Section III below, however, the thermometric technique can also be

used effectively with thermal sources. In either case, they are not
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easy to make compatible with the cleaning procedures used to produce
well characterized single crystal surfaces. This difficulty is avoided
by a technique which detects the thermal distortion of the sample
surface dué to absorbed laser_power.(?3) Another technique uses an
electric field to Stark shift the signal. This enhances the adsorbate
signal relative to the metallic absorption.(7) The achievable frequency
shifts are small compared to typical linewidths, but the approach is
very promising when stable tunable lasers are available.

The synchrotron radiation;from electroh storage rings is widely used
for UV and X-ray spectroseopy.‘ There has been some interest in using
the infrared output from such facilities:- Calculations of the infrared
radiation from storage ring sources show that they are considerably
briéhter than conventional laboratory thermal infrared sources.
Unfortunately, however, the throughput available at most infrared
wavelengths is considerébly less than is used for most laboratory
infrared spectroscopy. Consequently there is only a moderate
improvement in useful infrared power, except for experiments that can
only make use of very small throughput. | *

In order to characterize the image that can be formed from a storage
ring source (or from any partially coherent source) it is useful to
define a normalized throughput AQv?, where A is the area of a focal
spot, @ is the solid angle of convergence, and v is the wavenumbef.

This quantity is variously called the phase space volume or the number

of modes. The latter name arises from the fact that a

diffraction-limited beam (with a single transverse mode) has

Ay
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AQ = v~z.(19) For a thermal source the power per mode in theé wavenumber

interval dv is

-1
pvdv = he?2v[exp(hevw/kT) -1] dv ) (1)

for one polarization. In the Rayleigh-Jeans 1limit (1) reduces to the

Johnson noise expression

pvdv = kTedv . (2)

Incoherent radiation, such as that‘typically obtained from a thermal
source, can be described as consisting of a large number of these modes.
The Planck spectral distribution, giving the spectral power into a
throughput AQ, can be obtained from Eq.(1) by multiplying by the number
of polarizations times the number of modes Pv = 2Aﬂv’pvf It is
convenient to describe the output of any source (thermal or non-thermal)
in terms of distribution of modes aed an effective Rayleigh Jeans
temperature Teff = pv/kc, which is a measure of the power per mode. The
effective temperature Teff for a thermal source is equal to the physical
temperature for.hcv << kT and falls exponentially for hcv >> kT as is
shown in Fig. 2.

The effective temperature for a storage ring source with a tightly
focused electron beam is proportional to the beam current and is
essentially independent of frequency in the infrared. The value of Teff
calculated(zo) for synchrotron radiation from a bending magnet of a
proposed new storage ring, the Advanced Light Source, is compared with

’

typical blackbody sources in Fig. 2. Calculations for existing storage
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fings such as the‘National Synchrotron Light Source give a slightly
higher T re at low infrared frequencies due to a larger beam current,
but with some falloff at high frequencies due to the spread of the
electron beam.(z?) Also shown iﬁ Fig. 2 is the output expected from one
type of magnetic wiggler introduced into a straight section of the ALS.
Although such wigglers are very useful in increasing Teff at higher
frequencies, the type shown here is of limited value in the infrared.
Interest in storage ring infrared sources arises from the fact that Terr
is 10%-10" times higher than for thermal sources at infrared |
frequencies.

A complete comparison between thermal and ;torage ring sources,
however, must include consideration of the available distribution of
modes. A typical Fourier spectrometer designed for vibrational
spectroscopy using a thermal source operates with an f/1 focus on a
detector area of 1 mm?. This correspbnds to AQv? = 10" modes at
v = 1000 cm-! and 10® modes at v = 10,000 cm-!. The infrared beam from
a bending magnet on a storage ring by contrast is fan shaped. It is
diffraction limited (one mode high) in the vertical direction and has
the full range of bend angles in the horizontal direction. If the same
detection system is used, the number of available modes is only 102 at
1000 cm-! and 10* at 10,000 cm-!. Thus the total power from the storage
ring in this application is about equal to that from a thermal source in
the vibrational frequency range. It is substantially larger, however,
at far infrared wavelengths.

The comparison is somewhat more favorable for the storage ring in

the reflection absorption surface spectroscopy experiment. The narrow
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range of angles shown in Fig. 1 over which a large fractional surface
signal is obtained is well adapted to the fan shaped beam from the
stofage ring. About one order of magnitude more signal in the
Yibrational frequency range can be expected for such a source than for a
thermal source.

In this review we will argue that when modern detectors are properly
. used, infrared spectroscopy of molecules on metal surfaces with thermal
sources need not be source power or detector noise limited. Therefore
only modest advantages can be expected from using a more powerful
source, and then only if the source is stable and conveniently tunable.
This argument for the usefulness of thermal sources is valid‘only if
experiments are carefully optimized to minimize ambient photon noise.

The infrared spectral range coincides very closely with the spectral
range over which the thermal emission from room temperature objects is
important. The presence of this background thermal radiation has a
préfound influence on the design of many infrared experiments. This
ambieht photon flux can saturate sensitive detectors. Fluctuations in
this flux very often dominate system noise. Sensitive experiments with
visible light are usually done in a dark room so that the effects of
ambient photons can be neglected. At ionger wavelengths the brightness
of the ambient thermal photons increases rapidly. In the far infrared,
thermal sources are only a factor 3 brighter than room temperature.
Conditions comparable to those achieved at visible wavelengths in a dark
room can only be achieved by cooling the "room." One major advantage of

bright sources such as lasers or even storage rings is that large ratios
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of signal to noise can be obtained with less effort required to control
the ambient thermal flux.
In this paper we will describe two infrared surface experiments
that use thermal sources. The design of these experiments is dominated
by the need to reduce ambient photon noise. A quantitative
understanding of photon noise is essential for this task. Although the
literature contains many descriptions of photon noise,(zz) the equations are
difficult to use correctly without some knowledge of how they arise. In
the next section we present an overview of the subject of photon noise

at infrared wavelengths.

B. Photon Noise

For our purposes we can distinguish three types of incoherent square
law detectors. In photovoltaic detectors a.fracﬁion n of the incident
photons above a cutoff wavenumber Vo generates electron-hole pairs that
migrate to the electrodes. The photocurrent that arises from a photon
rate N (which is assumed to lie in the wavenumber interval between v and
v + dv) is I‘= GNe. The noise in this photocurrent, in the ideal case,

arises from fluctuations in the rate of arrival of infrared photons.
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In extrinsic phbtoconductive detectors, a fraction n of the incident
phbtons creates either mobile electrons or mobile holes, which move
under the inflﬁence of an externally applied field. These carriers
produce a photocurrent I = Gnﬁe. Here G is the photoconductive gain,
which is equal to the ratio of ihe carrier lifetime to the transit time.
It expresses how many times a mobile carrier can cross the detector
before it is iost through recombination or trapping. The noise in this
photocurrent, in the ideal case, arises both from fluctuations in thé
rate of arrival of incident photons (which controls the rate of
generation of mobile carriers) and from the statistically independent‘
rate of recombination which eliminates these carriers.

In thermal detectors a fractidn n of the incident photons dissipate
their energy as heat. The resulting temperature change is read out by a
thermometer whose output is often a voltage. The output voltage is
given by nﬁhcvs, where S is the voltége responsivity in [V/W]. As will
be discussed in Section III-b below, the fundamental noise in.thermal
detectors comes both from fluctuations in the rate of arriving photons,
and from internal thermal fluctuations.

For photon detectors the absorptive quantum efficiency n is

essentially zero for v < v, and is a slowly varying function of

o]

frequency with typical values from 0.1 to 0.5 for v > v For thermal

c*
detectors n is called the absorptivity. It is typically a weak function
of frequency and >0.5 for all important frequencies.

In order to understand photon noise we focus our attention on the

number nﬁt 6f charge carriers generated in a photovoltaic detector in

some arbitrary time interval t. Since these photons arrive at random
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under the conditions of interesﬁ for this article, Poisson statistics
can be used to compute the root-mean-square fluctuation in this number
of charges A(nﬁt)RMS = (nNt)!/2. The RMS output noise current averaged
over time t is thus A(nfit)pyg e/t = e(nli/t)!/2, where e is the
electronic charge. Since the post-detection noise bandwidth associated
with averaging over a time t = 0.5 s is one Hz, the noise current per
unit post-detection bandwidth is Alpyg = e(2nN)'/2 [A Hz-!/2] for a
photovoltaic detector, and Alpyg = Ge(linN)'/2 [A Hz-'/2] for an
extrinsic photoconductive detéctor, By considering the energy
associated with photon fluctuations, photon noise in the output of a
thermal detector can be written AVpyg = hevS(2nN) /2 [V Hz-'/%] if the
detector is cold enough that its own radiation can be neglected.

It is traditional to define the noise-equivalent photon rate NEN as
the photon rate that must be incident on a detector for the output
current to be equal to the root mean square fluctuation per unit
bandwidth in the output current. For a photovoltaic detector this
condition is neNEN = e(2nN)!/2. The resulting noise equivalent photon

rate is

. 1,2
. =172
NEN = (E%i) [Photons s-! Hz / ]

(3)

where Y = 1 for a photovoltaic and Y = 2 for a photoconductive detector.
Similarly, we can define a noise equivalent power NEP as the incident
signal power required to obtain an output signal equal to the RMS output

noise. The result is
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NEP = hev( 3?) [W Hz-'/21, @)

where v is the wavenumber of the bhotons. For a cold thermal detector
Y = j.

The photons that cause the fluctuations in detector output can be
the signal from a thermal source with temperature T and emissivity e
that reach the detector through a spectrometer with throughput AQ and
transmittance 1. Alternatively they may come from the room, or the
spectrometer itself. The Planck theory gives the power spectrum Pvdv
(or photoﬁ rate ﬁv dv) that reaches the detector in the throughput AQ

and the wavenumber range from v to v + dv,

N dv = et A@ __ B(v,T) dv/hev, (5)
v eff

-l
where B(v,T) = 2hc2v®(exp hcvw/kT - 1) .

To be precise, Qeff = jn cos 6dQ where & is the angle between the
propagation direction and the normal to the radiating surface.

If photons ére incident on the detector over a significant
fractional bandwidth, then the mean square fluctuations arising from
photons at different frequencies must be added in the appropriate wayf
| For a photon detector, the fraction n of the incident photons at any
frequency above the cutoff creates essentially equivalent mobile
carriers. A relatively simple expression can be obtained if we assume
that n 1is independent of frequency over the band of interest. For a

photovoltaié detector,
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. 1/2
Alpys = e[2n fv Nav] " [A Hz
c .

_x/z
]1 o (6)

If we use ﬁv from Eq. (5) then for either type of photon detector

1/2
. MYAQeffkaT’ ® gtx2dx
NEN = e . . (7)
X e -1
c

where x = hcvw/kT. We assume that the infrared band is defined by the
frequency dependence of the product et of emissivity times transmittance
which includes the effects of filters and spectrometers. This noise
equivalent photon rate is the most convenient quantity for evaluating
the performance of photon detectors. Unfortunétely the practice has
arisen of converting NEN to NEP = NEN he <v> where <v> is a weighted

average infrared frequency,
. / .
<V = etN vdv / etN dv (8)
v v [/ v v -

This tradition is harmless for narrow infrared bands, but introduces

unnecessary complexity when broad bands are involved.
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For thermal detectors such as bolometers,vthe absorptivity n.is
approximately constant in frequency, but the energy per photon is
proportional to fEequency. Thus the power fluctuations which arise from
photons at different frequencies are weighted properly by summing the

mean square voltage fluctuations in the detector output

AV =_[2n I ﬁv v? dv] ° hes, (9)

so that

4AQ fkaTs ® crx“dx | /2
e
NEP = » f Hz-1/2]. 10
noin? " (W Hz-1/2] (10)

We now have a cOmpiete prescription for calculating the minimum
noise to be expected from a detector that is subjected to a known
infrared flux. Under certain practical situations, where the detector
responsivity and quantum efficiency (or absorpti&ity) are known fnom‘the
manufacturer, the values of N or pvhcan be deduced from the electrical
output of the detector. The expected photon noise can then be computed
from Eqs.(3) and (4) [or (7) and (10)] and compared with the measured
noise. This is one practical way in which the question of whether the
detéctor is photon noise limited under its operating conditions can be

answered.



- 20-

Another approach to estimating photon noise is to compute the
incident power from the temperature and the geometry of the infrared
sources. As an example consider a soufce temperature T = 10® °K and a
spectrometer throughput AQ = 10-2 srem?, efficiency (or transmittance)
T = 0.1, and wavenumber bandwidth Av, which can be broad for ah FTS or
narrow for a dispersion spectrometer. Signal photon fluctuations are
very important at visible, or higher frequencies, where there are few
energetic photons, but don't usually limit infrared measurements. Using
the above numbers for Av = 1 cm-! at v = 10° em-? gives a signal power
p,dv = 3.7 x 10-7 W and a signal photon limited
NEP = 6 x 10-!*[WHz-'/2] for a ratio of signal-to-noise
S/N = 6 x 10® [Hz-'/%].

As an example of background photon noise consider 300°K background
radiation incident through a 2t solid angle (Qeff = 1) at all
frequencies above the detector cutoff on an ideal photon detector with
n = 1. This ideal photon detector limit(zz) depends on the detector
cutoff frequency. It varies from NEP = 8 x 10-'2(A)!/2[W Hz-!/2] for a

detector which cuts off at v

e = 2000 cem-!, has a maximum value of

3.8x10-11(A)!/2 for v, = 800 cm-! and falls to 1x10-!'1!(A)!/% at

c
100 cm-!. It is known as the background limited infrared photoconductor
(BLIP) limit. It is important to note that this so called limit can be

avoided by reducing the background temperature or by reducing the solid

angle or bandwidth with cooled optical components.



When 300°K radiation is incident at all frequenéies on an ideal
cooled thermal detector with absorptiyity n-= 1, the NEP obtained from
Eq. (7) is 4x10-1!(A)!/2[W Hz-1/2] where A is the detector area in
(cm2]. The minimum noise in a room temperature thermal detector is
larger than this value because fluctuations in the emitted photons must
also be included. Since photon noise and several other sources of noise
vary as A!/2?, detector performance ié sbmetimes specified in terms of

the specific detectivity D = A}/2/NEP[W-'Hz'/? cm].(22)

C. Detectors
Modern photoconductive detectors operated at low temperatures have
noise very close to that given by the photon noise limit in Eq.(1) with
n 2 0.1 for a wide range of values of the incident photon rate N. An
example of this performance is given(23) in Fig. 3. When used with
conventional amplifiers(zu) these detectors become amplifier noise
limited at photon rates -<-107 photons/sec¢, corresponding to
NEP = 2 x 10-!7 W Hz-'/2 at 10 um. Specialized amplifiers exist,
however, with noise levels which become important only beloﬁ
~100 photons/sec.(ZS) Some of these detecﬁors are listed in Table 1.
These high performance detectors have been developed for the
exacting requirements of space infrared astronomy with cooled

(26)

optics. For nearly all laboratory experiments the background photon

rate is so large that a much wider variety of cooled detectors,
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TABLE 1. PROPERTIES OF SOME HIGH PERFORMANCE PHOTOCONDUCTIVE

DETECTORS.

Detector Material Cutoff Wavenumber (cm-‘) Cutoff Wavelength (um)

Si:In " 1,400 7
Si:Bi 625 16
Si:As 370 ' 27
Ge:Be 175 ' 57
Ge:Ga 83 120

Stressed Ge:Ga 50 200
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can approach the background photon noise limit, inqluding nearly all of
the well known photovoltaic detectors such as InSb, HgCdTe, and PbSnTe.
These photovoltaic detectors typically have higher operating
temperatures and are thus often more convenient to.use than the
extrinsic photoconductive detectors listed in Table 1. Since most
infrared detectors are sold for applications in which they view a large
amount of 300°K background, it is sometimes difficult to obtain
specifications or test results relevant to low background applications.

Several types of photoconductive and photovoltaic infréred detectors
are becoming available in integrated arrays of tens to thousands of
detectors. The readout is accomplishediby methods related to‘those used
with the Si CCD arrays which are sensitive to visible frequencies.

The most sensitive available thermal detectors are semiconductor
bolometers.(27) In low backgrounds such bolcometers have NEP's
approaching 10-!*[WHz-!/2] when operated at liquid *He temperatures, and
at least one order of magnitude better at lower temperatures.(ZB) Photon
noise limited operation can be achieved in almost any imaginable surface
experiment. A detailed discussion of bolometric detectors will be given
in Sec. III.

An infrared experiment can be optimized by cooling apertures and
filters (or spectrometers) to minimize the background photon rate. and
" then selecting a detector and amplifier system good enough to be limited
by the fluctuations in the detected photons coming both from the

background and from the source.
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D. Spectrometers

The most frequently used infrared spectrometers are the Fourier
Michelson spectrometer, often referred to as the Fourier transform
spectrometer or FTS, the grating spectrometer, and the Fabry-Perot
spectrometer. The FTS has the well known multiplex advantage. If the
noise in the system remains constant as the bandwidth over thch the
.signal power falls on the detector is changed, as is the case for
inherent detector noise, then the FTS can measure the entire spectrum of
n spectral elements in essentially the same time that a grating or
Fabry-Perot spectrometer with similar efficiency and throughput takes to
obtain a single spectral element with the same signal-to-noise ratiof

The multiplex advantage of Fourier spectroscopy is often used
successfully to reduce the effects of the noise from a relatively
insensitive, but convenient, room temperature detector subh as the
pyroelectric detector. It is a common experience that the substitution
of a more sensitive cooled detector does not achieve the anticipated
degree of improvement. This can occur because the noise is no longer
independent of the bandwidth over which signal power falls on the
detector.

As we have seen, detectors exist for which detector noise is
negligible for nearly all laboratory experiments. When a photon noise
limited detector is used, noise varies as the square root of the signal
power as the bandwidth i§ changed, and there is no mul;iplex advantage.
The performance of a single frequency spectrometer is nearly equivalent
to that of a multiplexed spectrometer for such optimized experiments. A
third case exists in which the noisé is proportional to the signal power

falling on the detector. Such noise could arise from fluctuations in
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the source, microphonics in the optics, chopper noise, ete. 1In this
case the Fourier spectrométer has a multiplex disadvantage and takes
n-times longer'to measure the spectrum than the narrow band
spectrometer. As with other types of noise, only that portion of the

'~ source noise spectrum that‘is close to the modulation frequency is
important. A rapid scan FTS does not have a multiplex disadvantage for
slow drifts in source intensity. Such slow drifts are important,
however, in any éurface experiment that requires the subtraction of
spectra taken many minutes apart.

Diffractién grating spectrometers can be used with a linear array of
n detectors in the dispersed output. - This gives a multichannel
advantage of a factor n in time, whatever the source of noise. As high
quality integrated arrays become available with n Z 102, the grating
spectrometer will often be the device of choice for 5ptimized
experiments at moderate resolution, particularly since it is much easier
to cool than the Fourier spectrometer.

The FTS and the Fabry-Perot spectrometer can give higher throughput
at high resolution than the grating spectrometer.(zg) For the
relatively low resolution of ~1 cm-! needed for vibrational spectroscopy
of chemisorbed molecules and the limited throughput available with
samples at grazing incidence, this difference is often not of great
importance.

The FTS is very convenient to use, compared with grating or
Fabry-Perot spectrometers, when a wide spectral band is to be covered.

It is thus the practical choice for many spectboscopic problems that do



not have to be carefully optimized. For difficult problems such aé
measurements of the vibrational spectra of molecules chemisorbed on
metal surfaces, alternative spectrometers should be considered.

E. Conclusions for surface spectroscopy

From this discussion of infrared techniques, it should be clear that
there are a number of alternative approaches to the problem of infrared
.SUrface spectroscopy. The required throughput, resolution, spectral
range, and ratio of signai to deteéfor or photon nois; can be obtained
in several ways. The most criﬁicai aspec£ of é-meaéurement of
vibrational spectra on metals, however, arises because small signals must
be observed that are superimposed on large backgrounds. This aspéct of
the measurement imposes additional requirements which are very
demanding. First, the experiment should be designed to minimize these
backgrounds. Second, a background subtraction séheme must be
implemented and third, all parts of the experiment should be extremely
stable on the time scale of the background subtraction.

In the following sections of this paper we describe two experimehts
in which the background is minimized by measuring the sample
absorptivity and emissivity, rather than the reflectivity. This,isidone
with some sacrifice in éignal level. In both cases, however, the
experiments have been optimized so that detector and photon noise do not
play an important role. The surface sensitivity achieved is limited by

the precision with which the remaining background has been subtracted.
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III. Direct Absorption Spectroscopy

A, Techniques for measurement of absorbed power.

Direct absorption spectroscopy requires some method of detecting a
change in the éample caused by the absofption of infrared power by the
adsorbed molecules. The most straightforward method, and the one used
in the experiments described here, is simply to mgasufe the rise in
sample temperature due to the absorbed power using a sensitive
thermometer thermally coupled to the sample. In this method the sample
- itself is used as a bolometric infrared detector.

There are other techniques used to detect absorbed power which
involve the genefation of soﬁnd in the sample, 65Athe thermal expansion
of the surface. Typical sensitivities of such techniques are on the
order of 10-° W Hz-!/2 or worse,(?3) which is many orders of magnitude
worse than bolometric detection. This sensitivity is not sufficient for
use with thermal or storage ring sources. As stable tunable lasers
become available over the spectral band of interest for vibrational
spectroscopy, these techniques will become morevimportantf

B. Sensitivity of Thermal Detection

In the direct ébsorption measurement described here, a thermometer
attached to the metal sample serves as the detector of absorbed infrared
power. The structure used is very similar to that of the composite far
infréred bolometer.(27v28) which has been brought to a high staté of
developmeﬂt for use in infrared astronomy. The infrared flux in the
surface experiment is very large compared with that encountered in the

astronomy experiments, so many of the stringent design requirements for
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those detectors can be relaxed. Before discussing optimization of the
surface experiment in detail, it is useful to review the simple theories
of bolometer response and noise.

We consider a bolometer whose electrical resistance R(T) is a known
function of its temperature T. The bolometer is assumed to have heat
capacity C and to/be connected to a heat sink at temperature TS by a
thermal conductance G. Since the absorbed infrared power_is partly
chopped or interference modulated, it is written P = P, + Pleiwt.

The bolometer tempgrature then varies as T =T, + Txeiwt. By
equating the infrared and electrical power dissipated in the bolometer
.with the power conducted to the heat sink and stored in the heat

capacity we have the linearized equation,

iwt _. dR iwt iwt iwt
Py + Pye o I*R(T,) + I® E'-T-Tle = G(T, *+ T,e - Tg) + iwCT,e  .(11)
The steady state part of Eq. (11)

Po *+ I%R(T,) = G(T, - Tg), (12)

gives the value of G required to keep the bolometer cold. The time
varying part of Eq.(11) can be solved for the temperature responsivity
T,/P,. A more useful quantity is the voltage responsivity

S =V,/P, = ITl(dR/dT)/Pl which gives the voltage response of a

bolometer that is biased with a constant current I,

s I(dR/dT) ) IaR
" [G - I2(dR/dT)] + iuC

. (13)

Geff(? ¥ iwteff)
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We have followed the conventional practice by defining an effective
thermal conductance Ggpp = G - I?(dR/dT) and an effective time constant
Teff = C/Geffi The temperature dependence R(T) is characterized by the
parameter o = (dR/dT)/R evaluated at T = T,. The most useful
thermometers for composite bolometers or surface absorption experiments
are made from heavily doped and compensated semiconductors, eg. Si or
Ge, which conduct by hopping of carriers between impurity sites. This
process(30) gives R(T) = Ry exp[(TH/T)l/z] so that a = =1/2(Ty/T?)1/2.
The proper choice of thermometer parameters is desirable to miﬁimize
certain noise mechanisms. If the bolometer bias current is obtained
from a constant voltage source and a load resistance RL>R, which is
cooled to TS, then noise from the bias circuit can be made
negligible.(31) The most imporﬁant sources of noise are then the photon
noise discussed in Section II, the Johnson noise from the bolometer
resistance R, and the thermal fluctuation noise from the thermal
conductance G. |

In order to combare the magnitudes of these noise contributions, it
is conventional to express each one as an NEP referred to the bolometer
input. The photon noise is given in this form in Eq.(10). The mean
square voltage spectral density for Johnson noise is 4kTR per unit

bandwidth. The resulting contribution to the NEP for unit bandwidth is
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4KTR 1/2 .
ISIZJ [WHz-1/2] f (14)

NEPJ = {

Energy fluctuations, which occur whenever an'object, such as a
bolometer, with heat capacity C is connected to a heat sink through a
thermal conductance G, can be computed by conventional thermodynamic
arguments.(32) The thermometer attached ﬁo the bolometer will read a
mean square temperature fluctuation <(AT)2> = kT?/C. This total
fluctuation can be written as an integral ovef a temperature spectral
'density_of the form <(AT)®> = 4kT2/Gepr(1 + w?t?err). The frequency
- dependence comes from that of (SI2 in qu(jo)f Then if wtgepee << 1, the
temperature spectral density is 4 sz/Geff per unit bandwidth.

Converting to a power fluctuation at the detector input we obtain,

NEPp = (4 kKT2Ggprp) 1/2 [W HZ‘I/ZJt (15)

Since NEP is a measure of a signal-to-noise ratio and since the
frequency dependence of S enters in both the signal and the noise,
Eq.(15) is valid for all frequencies.

In direct absorption measurements on surfaces it may be inconvenient
Lo reduce C until wtgpe << 1. If experiments are done with wters > 1
then the responsivity S is reduced. This in turn increases the NEP due
to Johnson noise and amplifier noise. There is no penalty in
sensitivity until one of thesé noise sources becomes comparable with the

photon noise.



Since photbn, Johnson and thermal contributions to the noise are
statistically independent, the observed NEP(31) is thé square root of the
sum-of -the-squares of the contributions in Egs. (10), (14), and (15)-

For a surface absorption experiment using a thermal soufce and a
rapid scan FTS the throughput is limited by the sample to
AQ = 10-2 sr cm? and the optical bandwidth can be thousands of cm-!.

For ideal performange, the steady state infrared power P, should not be
much larger than the modulated power P,, and the bolometer should be
photon noise limited. In practice it is difficult to reduce the ambient
background to this value in a UHV system. Excess ambient background
power P, increases the photon noise and requires a larger G to keep the
bolométer c¢old. This in turn increases NEPT, It also reduces the
responsivity S which increases NEP;, It is ghus of highest importance
to use cooled baffles, filters and épértures to keep the throughput and
spectral bandwidth for P, nearly equal to those for P,.

The arguments sketched above show that even if there is.no source
noise, the noise in a system that has been properly optimized for a
given spectral bandwidth will generally increase as the spectral
bandwidth is increased. Under these conditions a multiplex advantage
cannot be expected from the FTS. A multiplex disadvantage might even
arise. Cooled filters can then be used with profit to limit the
spectral bandwidth. There is often a tradeoff between the convenience
of a wide spectral range and the possibility of a highér signal-to-noise

ratio with a narrow range.
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C. The direct absorption instrument

In this section, we will describe an instrument for direct
absorption spectroscopy developed at Bérkeley by Bailey, et al.(33)
This description will include the spectrometer, the optical sysﬁem,
the UHV chamber, and the sample configuration. We will then compare the
observed’performance of the system with that estimated from the detector
parameters. Even though the detector achieves photon noise limited
performance, the surface experiment is limited--as in most surface
infrared experiments—-by other instabilities that affect the background
subtraction. Neverthéless, the instrument is capable of detecting as
little as 10-%® L of CO on an evaporated silver film.

The spectrometer used in this experiment is an EOCOM 7001P rapid
scan FTS. It has a spectral range of 400-4000 cm-!, with a maximum
resolution‘of 0.065 cm-!. Although the instrument is purged
- continuously with dryvair, small amounts of water vapor always remain.
The change in the water absorption with time can easily dominate the
surface signal when spectra taken hours apart must be compared. Thus
the system has so far been‘used primarily at frequencies greater than
1800 cm-!, where water vapor absorption is small. This limitation can
be overcome with the use of an evacuated spectrometer, and such a
modification is planned.

The infrared beam from the spectrometer enters the vacuum chamber
through an indium-sealed KRS-5 window. It is then focused onto the
sanple by a KRS-5 lens located inside the vacuum chamber. At the
sample, the beam has a half—angle of 9.1°%, and is incident at an angle
of 83° to the surface normal. The system throughput, for a 4 x 8 mm
sample, is then AQ = 3.1 x 10-2? sr cm?®. The power absorbed by the

sample from the spectrometer beam is typically 16 uW.



-33..

The minimum mirror speed of the spectrometer is 0.07 cm s-!
corresponding to a moddlation frequency of 280 Hz for an infrared
frequency of 2000 cm-1. This property of the spectrometer is an
important constraint on the detector design, giving Wlgpp = 1 at
Toff = 076 ms.

As we have already discussed, the FTS offers little fundamental
advantage over a dispersion instrument, since neither the multiplex
advantage nor the throughput advantage is_significant. It is, however,
“a stable and convenient instrument with a-rapid modulation frequencyf

In this direct absorption experiment, the sample is part of a
bolometric infrared detector. The requirements of low heat capacity and
sensitive thermometry 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 heat sink
temperature Tg -~ 1.2°K was used. The samples were evapora£ed metal
films deposited on a dieleétric substrate (sapphire) which has a high
Debye temperature and high thermal conductivity at low temperature.
From the point of view of heat capacity, most crystalline dielectric of
semiconducting substrates could be used. It would be very desirable to
be able to use single crystal metal. substrates. Because of the large
heat capacity of metals at liquid helium temperatures, however, metal
thicknesses would have to be 50.1 mm. Such samples are difficult, but

(34) or by epitaxial

not impossible, to produce by grinding
growth.(35'36) A second obstacle to the use of single crystal samples is
the high annealing temperatures traditionally used while cleaning the

sample. The thermometer technology used at present involves epoxy

and/or indium solder, so it is limited to temperatures below 150°C. A
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technique for heat sinking the thermometer during annealing has been
developed which was successful but inconvenient.(33) Other techniques
emphasizing higher temperature materials seem possible, but have‘not
been demonstrated.

The decision to use evaporated film substrates greatly simplifies
the vacuum system, though at some cost in sample characterization.

Since a new film can be deposited at the beginning of each experiment,
elaborate facilities for cleaning and characterizing the surface are not
required. Moreoever, true ultrahigh vacuum conditions are needed only
while the experiment is actually in. progress. At these times a cold
finger at ~1,29% must extend into the chamber, so cryopumping by the
liquid heliﬁﬁ temperature surfaces can be used to reduce the pressﬁre in
 the vicinity of the sample. At other times, a base pressure of

10-% torr or even higher is adequate.

Based on these considerations, the design shown in Fig. 4 was
chosen. The primary vacuum chamber is pumped by a 15 cm cryotrapped
diffusion pump. A separate vacuum chamber surrounds the containers for
liquid nitrogen and liquid helium. A cold finger, which is an extension
of the liquid helium tank reaches into the UHV chamber and terminates in
a copper plate, to which the sample assembly is attached. The sample is
surrounded with a radiation shield, also at liquid helium temperature.
There are several holes in the radiation shield, providing access to the
sample from the outside. A liquid nitrogen-cooled radiation shield,
with holes aligned with those in the helium-cooled shield, surrounds the
cold finger. Between the two shields is a rotatable shutter at liquid
nitrogen temperature, which selects only certain directions of access to

the sample, depending upon its position.
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This elaborate system of shielding is necessary in order to minimize
the amount of room temperature radiation reaching the sample during the.
infrared measurement, yet provide access to the sample as needed for
film depositidn and dosing with adsorbate molecules. With the shields
fully closed to minimize incident radiation, only 1.8 uW of background
loading is absorbed in the sample, much less than the power from the
spectrometer. Because of the effective shielding, it is nbt practical
to dose the sample by filling the chamber with gas. Instead, an
effusive beam doser with direct line-of-sight to the sample is used.

It should be noted that the need for such cold shielding makes the
use of standard surface analysis tools such as LEED and Auger
spectroscopy difficult. A tﬁo—level system, with an unshielded level
for surface analysis and preparation at relatively high temperature, and
a shielded level for the infrared measurement would be useful for
measurements of well characterized samples.

The detector configuration chosen is a composite design developéd
for infrared astronomy,(27’28) which is eaéily adapted for a wide range
of infrared power levels. A drawing of the bolometer is shown in Fig.
5. The front surface of the sapphire substrate is coated with 50 & of
Cr followed by 1000 & of Au; this metallic coating insures good
adhesion of the sample metal films that are subsequently deposited. The
thermometer is a small, (~1 mm), cube of neutron transmutation doped Ge
with ion-implanted ohmic céntacts.(28»30) It is attached to the

substrate with a small quantity of thermally conductive epoxy.(37)
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Copper leads, 0.005 cm in diameter, are attached to the.chip with indium
solderi A thermocouple consisting of 0.005 cm diameter copper and

' coﬁstantan wires is also .glued to the back of the substrate. The
thermocouple is uséd to monitor the temperature when the sample is
deliberately heated above a few degrees kelvin. At low temperatures,
the thermal conductivity of alloys such as constantan is negligible
compared to that of pure, non-superconducting metals such as copper, so
thé three copper leads provide the dominant thermal conductance; G;
between the bolometer and its heat sink. Tungsten wires are used both
to support and to heat the §ample.

The measured properties of the bolometer, under operating conditions
are given in Table II. It can be seen that the calculated and measufed
dc responsivities are in close agreement. The time constant gives
wTgpp = 15 at 300 Hz, so that |S| is reduced by a factor 15 from its de
value. Since Jphnson noise and amplifier noise are still negligible,
this roll-off in résponsivity does not reduce the sensitivity.

The measured noise spectrum of the detector circuit is dominated by
large peaks at the harmonics of 60 Hz. The mirror speed of the
interferometer is chosen so tﬁat the resulting peaks in the infrared
spectra do not interfere with the spectral range of interest. Between
the peaks, a white noise level of 75 nV Hz-'/? is observed at a
modulation frequency of 300 Hz. This level correspdnds to an NEP of
1.9 x 10-'2 W Hz-1/2, in excellent agreement with the value estimated
from the known properties of the bolometer and the infrared loading.
Evidently the detector system approaches photon noise limited

performance.
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TABLE II. Typical operating conditions for the sample in the direct
absorption experiment, including both calculated and directly measured

values for responsitivity and noise from Egs.(4) and (10-12)

Sink temperature Tg = 1.2°%K
Bolometef temperature T, = 1.8%
Electrical resistance R = 3.3 MQ

Bias current I =0.5 A
Temperature coefficient a = 2.2°%-!
Thermal conductance G = 3x10-% WOK-!

Effective thermal conductance Ggpp = 3.2 x 10-5% WO9%-!

Time constant Teff = 7f9 ms

Heat capacity C = 2.2x10-8%J°%-!
Calculated dc responsivity Sc = 7.5x10%VW-1
Measured dc responsivity Sy = 5.8x10° vW-!
Absorbed photon power P, = 16 uW
Average frequency v = 10% cm-?

Contributions to the NEP at 300 Hz:
Calculated photon noise NEPp = 8.0x10-%2 W Hz-1/2
Calculated Johnson noise NEP; = §,7x10-%3 W Hz-1/2

Calculated thermal noise NEPp = 7.6x10-1* W Hz-1/2

Calculated total noise NEP 9.3x10-13 | Hz-1/2

75 nV Hz-'/2

Measured noise voltage AVRMS

1.9%x10-12 W Hz-1!/2

Measured NEP = AVRMS/SM(3OO Hz)
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We will see, however, that the ultimate sensitivity of the surface
spectroscopy experiment is limited at a higher level by other effects.»
It is, of course, for precisely this reason that the direct absorption
and emission techﬁiques are attractive, since the substrate signal to be
subtracted is much lower than in reflection-absorption spectroscopy.

We can use the known NEP of the detector, gnd the spectrum of the
absorbed power, to estimate the sensitivity of the system to a small
spectral feature on the smooth background of the substrate absorption.
The power absorbed in a silver substrate in a 4 cm-! bandwidth at
v = 2000 cm-! has been measured to be approximately 2.3 x 10-°® W. Based
on the known NEP, we calculate that the system should have a sensitivity
to fractional changes in the absorptance of 8.3 x 10-% Hz-!/%2. That
is, 'in a one Hz bandwidth, the system should be able to detect a surface
feature with an absorptance less than 10-" of the substrate absorptance,
with a signal-to-noise ratio of unity.

In Fig. 6, we show the spectrum of 10-3 L of CO on an evaporated
silver film. A spectrum of the clean film has been subtracted, and the
result divided by the reference. An additive constant is included for
clarity of display. Tne total integration time for the spectrum was
approximately 2400 s. The'integrated intensity of the CO signal,
expressed as a fraction of the bulk absorptance, is 8.3 x 10-*, and the
noise level, in the same terms, is 7,7 x 10-*, corresponding to a
sensitivity of 1.2 x 10-2 Hz-!'/2. This sensitivity islsome 15Q times
worse than that calculated from Table II. Clearly, as is usually the
case with surface infrared experiments, it is not the detector

sensitivity but errors in the cancellation of the background, that limit
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the ultimate sensitivity of the measurement. Nevertheless, Fig. 6
clearly illustrates that the direct absorption technique is capable of
'vdetecting extremely small quantities of adsorbates, and very weak

vibrational signals.

D. Experimental results: CO on Ag

- As an example of the use of infrared absorption spectroscopy, we
summarize here some results for CO adsorption on evaporated silver
films. These data were obtained by Dumas, et al.,(38) using the
~apparatus described in the preceding section. They form pért of an
extehsive investigation of CO adsorption on noble metal films. The
compiete.results will be published elsewhere.(38'39)

We will discuss the three aspects of CO adsorption on evaporated
silver: the dependence of the adsorption behavior on the temperaturé TD
of the sapphife substrate during the deposition of the silver film, the
shift of the CO stretch frequency with coverage, and the integrated
intensity of the CO stretch band.

It is found that the nature of the adsorption of CO depends strongly
on TD; For TD < 150°K, only physisorbed CO can be detected when the
sample is exposed to CO at 2°K. Fig. 7 shows a sequence of infrared
‘spectra, as a function of CO exposure, in Langmuir, (L), for a film
deposited at TD = 300°K, which is well above the threshold temperature.
The frequency of the single band, 2143 cm-!, is equal to that fbn gas
phase CO. This frequency, and the lack of any frequency shift with
increasing coverage, are characteristic of physisorption. This result
is consistent with the known behavior of CO on single crystal silver

surfaces, which also do not support CO chemisorption.(uo)
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For a silver deposition temperature TD = 49K, which is well below
the threshold temperature, the spectra, shown in Fig. 8, are qﬁite
different. At low coverages, a single band due to chemisorbed CO is
observed. The band appears initially.at.21u8 cm-!, and shifts to lower
frequency as the coverage increases. The band reaches its full
intensity at an exposure of 0.4 L. Evidently the film deposited at low
temperature contains special active sites at which CO chemisorbs, in a
concentration corresponding to ~40% of a monolayer on a single crystal.
For exposures greater than O.M_L, a sharb peak at 2143 em-', due to
physisorbed CO, appears in the spectrum. This physisorbed peak can be
removed by heating to 25 K, while the band due to chemisorbed CO
persists up to 80 K.

The shift of the vibrational band with exposureiis also of
considerable interest. Shifts of the band to higher frequency with
increasing coverége are commonly observed for CO on transition
metals.(“?'uz) This shift is attributed to the combined effects of a
dynamic dipole-dipole interaction and a static, chemical interaction
betﬁeen neighboring molecules, mediated by the metal. For CO on Cu
single crystals, the latter effect is known to cause a shift to lower
frequency, with the result that the two effects very nearly cancel,-
resulting in little or no net shift.(10)

In the present case, for CO chemisorbed on a silver film deposited

at low temperature, a large shift, (26 cm-!), to lower frequency is
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observed. The static and dynamic contributions to the shift can be
separated by coadsorbing different isotopes. Because the isotopes have
different resonant frequencies, they have negligible dynamic dipolar
interaction.(43) However, the static chemical shift should be uﬁaffected
by the different mass of the neighboring coadsorbed molecules. Thus the
observéd shift is attributed entirely.to the static effect, and the
difference between the shifts observed in the two experiments can be
assigned to the dynamic interaction. Fig. 9 summarizes the results of
such a measurement, At low coverage, the chemical contribution fully
explains the shift. At higher coverage, there is a difference betwéen
the total shift and the chemical shift, which is attributed to the
aynamic interaction.

By means of coadsorption experiments with physisorbed CO and argon,
it 1s found that a large part of the chemical shift occurs even when the
coadsorbing molecules do not interact chemically with the surface at
all. This effect is attributed to the influence of the local work
function on the bonding of the chemisorbed molecule. A detailed
discussion of this effect appears in‘the complete paper.(38)

The dynamic coupling is very well modeled by dipole-dipole coupling,
including image effects as described by Persson and Ryberg,(““) with no
need to invoke any additional dynamic coupling through the metal.(45)
Fig. 10 shows the dynamic shift, as deduced‘from Fig. 9, and the

integrated intensity of the chemisorption band, as a function of
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coverage. The lines are a fit to the data using the dipole coupling
theory, with the vibrational polarizability @y = 0.27 + 0.015 &3 and
interaction potehtial U(0) = 0.04 + 0.002 &-3, Agéin, we refer the
_reader to the full paber for a detailed discussionf(38)

One of the reasons for investigating adsorption on noble metals
deposited at low substrate temperature is that 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
crystals.(15) This phenomenon is known as surface-enhanced Raman
scattering, (SERS). A large part of the enhancement associated
specifically with rough evaporated films has been attributed to
electromagnetic resonances at visible frequencies.(15) It has also
been suggested, however, that such films contain special Raman-active
sites, not present on annealed films or single crystals, at which
dynamic charge transfer greatly increases the Raman cross section.(15)
It would be expected that molecules adsorbed at such sites, if they
exist, would also exhibit much greater infrared absorption than commonly
observed for adsorbed molecules. It has already been shown that rough
silver films contain special chemically active sites, not present in
annealed films, at which CO chemisorbs. It is interesting to inquire
whether these might also be the postulated Raman-active sites,; by
comparing the infrared.absorption by chemisorbed CO on rough silver

films with that observed for CO on single crystals.
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The polarizability a,, used in the dynamic coupling model, allows
such a comparison to be made. For a given fractional coverage of CO,
the integrated intensity of the infrared absorption band is simply
proportional to a,, The value 0.27 A&* found for CO on evaporated
silver is identical to that previously measuréd for CO on Cu(100).(10)
There is thus no unusual enhahcement of the infrared cross section
associated with the special chemisorption sites found on the rough
silver film, and no evidence for the hypothetical Raman-active sites.

E. Surface calorimetry

The sample design described here is optimized for the detection of
small temperature changes caused by the dissipafion of extremely small
quantities of power in the sample. In the experiments discussed so far,
the source of this power has been infrared radiation, and the purpose
has been to measure the vibrational spectrum of the adsorbate layer.
Suéh a sample configuration, however, is also ideally suited for the
measurement of surface thermodynamic quantities at low temperature--that
is, a bolometer is also an excellent differential calorimeter. In this
section, we will discuss how the detector technology described here can
be used for the measurement of various surface thermodynamic quantities.

Perhaps the easiest measurement of an important thermodynamic
quantity that can be made with such an instrument is the direct
determination of the binding energy of an adsorbate as a function 6f
coverage. Normally, this quantity is measured indirectly, by thermal
desqrption spectroscopy, which generally requires additional assumptions

about the kinetics of desorption.
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Wheh a molecule chemisorbs, virtually all of its binding energy is
dissipated invthe substrate as heat. If a flux of N molecules berv |
second is incident on the sample from an effusive beam doser, or a
molecular beam, and each molecule has a binding energy Eb ~ 1 eV, then
the power deposited in the sample is P = NEb. The kinetic energy of
molecules from a 300°K source is ~10-" eV. For the detector we have
described, the NEP at low frequencies and in the absence of infrared
loading from the spectrometer is of order 8 x 10-!'* W Hz-!'/2, For a
particle rate of N = 10!° s-1, the sensitivity to changes in Ep is then
5 x 10-f eV Hz-!'/2., 1In practice the accuracy of the measurement would
certainly be limited by other uncertainties, predominantly in the
determination of the molecular flux N.. Geraghty et al.(“6) have used
a configuration similar to the one described here to measure the heat of
adsorption of pyridine on Ni at 8°%.

Another thermodynamic measurement that can be performed with a
bolometric detector is that of the heat capacity due to an adsorbate.
Such measurements are particularly important in the study of surface
phase transitions. In such an experiment, the infrared loading on the
sample would be minimized, and a calibrated ac power applied by Joule
heating of an auxiliary heaper attached to the sample. The frequéney
chosen should be above 1/t,¢e, SO that the response of the bolometer is
dominated by the heat capacity C, rather than by the thermal

conductance, G. The change in the sample heat capacity due to the



- 45 -

addition of an adsorbate will appear as a change in the amplitude of the
temperature oscillation induced by the applied powerf

This experiment can be approximately analyzed with the model used in
Sec. III B, which includes an applied power of the form
P, + P, (1 + elwby At a sufficiently high modulation frequency,
temperature fluctuations become negligible, and the noise is limited by
Johnson noise in the thermometer. In this limit, the minimum detectable

change &C in the heat capacity is given by:

1

5C\2 T,
( ) = hk [ ) IzRaz

c , ' (16)
where the parameters are as defined in Sec. III B.

For the bolometer described above, the noise equivalent &C is
1.1 x 10-1* J°%K-'Hz-'/2 at 1.8°K, and 2.2 x 10-}2 J°%K-'Hz-!/2 at 4°K,
for T, = 0.01°K. The rapid decrease in sensitivity with increasing
teﬁperature is due primarily to the T® dependence of C and the
exponential tempefature variation of R. For comparison, the heat
capaéity of a layer of 10!'* molecules, in a two~dimensional Debye model
with a surface Debye temperature of 100°K, is 2.7 x 10-!'! g %=-! at
1.8%%, and 1.3 x 10-'° J °K-! at U4°K, varying as T2?. From these
estimates, it is clear that the bolometer should be able to detect the
adsorbate contribution to the heat capacity rather easily. By carefully
optimizing the detector and the operating parameters for héat capacity
measurements in a particular temperature range, it should be possible to

achieve even greater sensitivity.



IV. Infrared Emission Spectroscopy

A. The emission spectrometer

In this section we will describe a specific instrument for emission
spectroscopy, indicating hbw the concepts and technologies discussed in
the preceding sections influenced the design. A less tutorial
description has been published elsewhere. (47)

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.
Griffiths(¥8) has reviewed work prior to 1975 on multilayer films on
flat metal surfaces. A similar application has been the study of oxide
growth on copper(ug) and molybdenum(so) surfaces. Another approach has
been to investigate monolayer adsorption on high surface area dispersed
catalysts.(51-54) Blanke and Overend(4) 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-Blodgett film. All of these
experiments used room temperature spectrometers, with sample
temperatures ~400-500°K. Allara, et al.(55) used a liquid nitrogen
cooled FTS to obtain monolayer sensitivity on a flat metal surface at
300°K.

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



_)47_

ffom submonolayer coverages of adsorbates on clean, well characterized,
single crystal metal substrates, over the frequency range from 400 -
3000 ecm-?!, with moderate, (<10 cm-1!), resolution. The useful sample
temperatures depend on the frequency chosen but are typically 2250°K.
The most important factors affecting the design of the instrument were
the small ratio, (10-* - 10-2), of thevadsorbate emission to the
substrate emission, and the availability of photoconductive detectors
for the frequéncies 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~!, the photon fluxes from blackbodies at 300°K, 100°K, and
5°K are in the ratio 10%° to 10%7 to 1. At higher frequencies the
ratios increase exponentially. From these numbers it is clear that
if the contribu£ion to the radiation reaching the detector from the
spectrometer is té 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
pnotoconductive detector chosen required liquid heiium cooling in any
case, it was decided to cool the entire spectrometer to ~5K, In this
way, drifts due to spectrometer emission were kept negligibie compared

with the small adsorbate signals. It is possible, however, to do



- 48 -

surface IR emission work, especially at higher infrared frequencies,
with a liquid nitrogeﬁ cooled instrument.(55)

A diffraction grating spectrometer was chosen over an FTS system for
several reasons. Since the detection is photon noise limited, no
multiplex advantage was expected for an FTS. A ﬁultiplex 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. As will beldiscussed later, the possibility exists of
usingbarrays of detectors in the dispersed outpht of the grating
spectrometer to achieve a multichannel advantage. The optical layout of
the emission system is shown in Figure 11.

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 radiation it emits can
be a significant source of drift. Since the reflectivity of KRS-5 is
~40%, careful LN,-cooled shielding has been used to minimize the
reflection of radiation from warm objects intq 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.
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ihe spectrometer is a compact Czerny-Turner design consisting of a
planar steering mirror, off—axis'parabo;oidal collimator and camera
mirrors, and a rotatable diffraction grating on an aluminum substrate.

. 8ix different gratings are used to covef the full spectral range with
adequate resolution énd efficiency, but the spectrometer must be opened
to change gratings. All of the optical elements are bolted to a 30 cm
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 cbol the spectrometer initially; thereafter,
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 thé
exponential rolloff of the blackbody speétrum, so0 the usual 1low pass
filters are not required. High pass filters are necessary, however, 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 MgF, is used for measurements above 1500 cm-!.

Another aperture of the filter wheel carries a polystyrene film for
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frequency calibration. Frequency calibration can also be checked by
observing the high order diffraction lines of He:Ne laser light directed
on thé samble through a window in the UHV sample chamber. The
frequencies of many of the absorption bands in polystyrene do not appear
to shift significantly with temperature.

An infrared polarizer is located on the LN, cooled shield of the
spectrometer in front of the entrance slit. It is used to rejeqt the
s-polarized light from the sémple which contains no adsorbate
contribution.

The heart of the spectroscopic system is the detector. It is an
extrinsic Si:Sb photoconductsr sensitive to frequencies greater than 330
cm-!, 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
2.5x10-? sr cm?. This should be compared with the maximum useful
throughput of 2.5x10—2 sr cm?® available from our 15 x 5 mm samples in
the angular range from 65° to 85°.

The photon rate at the detector is in the range N = 10° to 10'°

(24) yith a

photons s-!. We use a conventional transimpedance amplifier
feedback resistor in the range 10°-10!° Q. This resistor is cooled to
5% to reduce Johnson noise. The firsf stage of the amplifier is a

commercial(56) dual JFET package heat sunk to the 5°K cold plate. The
noise in this detection system is dominated by photon fluctuations for

N > 10® photons s-!, at modulation frequencies above 10 Hz. 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
strayﬁambient radiation from entering the beam, and a cold blackbody
behind;the sample, which prevents ambient radiation from reflecting off
the sample into the spectrometer. The shields located in the UHV systemt
are coated with gold black, (57,58) the reflect1v1ty of which has been
measured to be < 1% for v > 500 em-!. The emission spectrum of the gold
black shows that it is well heat sunk to the underlying metal.

- 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 mode,(u7)
without the additional fast modulation discussed in Sec. I. More
consistent baseline subtraction is achieved, however, when.the emitted
radiation from the sample is,choppedo The chopper consists of a metal
vane coated with gold black attached to a torsion bar, and driven to
oscillate at its resonant frequency of 20 Hz by magnetic coils, giving a
40 Hz optical modulation. This chopper is essentially a UHV-compatibie

(59) It is mounted on

version of a commercial oscillating vane chopper.
the cold stage, so that the vane is cooled by conduction to -~100°K.
When the vane passes in front of the sample, the spectrometer looks at a

cold, black surface.
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Leakage signals past shields and emission signals from inadequétely
cooled objects in the optical train can contribute to the photon noise
and, more important, can give signals whiéh drift with time. Locating
the chopper as close as possible to the sample insures that many such
signals are not choppéd, and so do not contribute slow drif;s to the
measurement. The chopper cannot discriminate against drifts in the .
temperatures of the sdmple 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 thermocouple sensor spot-welded to the back of the
sample. Better regulation would be desirable and could be obtained by
using an infrared sensor. The cold stage temperatute is maintained at
~1OQ°K with a continuous flow of LN,. Cooling it below 50% with a
mechanical 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 LEED and
other surface characterization experiments.

Since the temperatures of the sample aﬁd the cold stage reference
are very different, 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 resistor(zu)
through its temperature coefficient of resistance. This effect can be

minimized by selecting load resistors. An alternative solution to the
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gain drift problem is to use a reference source at or near ﬁhe 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.

If we assume that photon noise limits the sensitivity of the
instrument, we can calculate the detection threshold for small molecular
signals on a large background from tﬁe substrate. Figure 12(47) 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 e signal-to-noise ratio of unity in a one Hz
bandwidth. These lines represent the theoretica; limit to the
performance of the instrument if all extraneous noise sources were
eliminated.

The dots shown in the figure represent the expected fractional
signal due to a saturation coverage of various adsorbates on Pt(111).
The values were estimated from published electron energy loss (EELS)

spectra, using Ibach's(GO)

comparison of IR and EELS cross sections.
The X's show oﬁr measured signal levels for the two observable modes of
CO on Ni(100); these measurements will be discussed in more detail
below. The *'s show the measured signal levels for CO oh Pt(111). The

strength of the technique, especially at the lower frequencies, where

the vibrational modes tend to be weak, is immediately apparent.
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In practice the photon noise limit has not been reached. The dashed
lines show the measured sensitivity of the apparatusf The excess noise
is limited by fluctuations in the stray radiation that enters the
specﬁfometer despite the cold baffles. Since this source is modﬁlated
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 thé dc 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.

B. Experimental results: CO on Ni(100)

The infrared emission apparatus has been used to measure both the
intramolecular carbon-oxygen stretching vibrapion of CO on Ni(100).(61)
(Fig. 13), and the low frequency molecule-substrate vibration for the
same system,(éz) (Fig. 14). Measurements of the molecule-substrate
vibration of CO on Pt are in progress.(63) The observed linewidth of the
C-Ni mode, 15 cm-!, is in excellent agreement with the theoretical value
of 13.9 cm-!, which was subsequently calculated by Ariyasu et al.,(6u)
from the assumption that vibrational energy decay into substrate phonons
dominates the linewidth. If this explanation of the linewidth is
correct, then measurements of such adsofbate-substrate mode linewidths
may be a very useful probe of energy transfer processes at surfaces. An
attempt to verify the line-broadening mechanism by measuring the
temperature dependence of the linewidth is still in progress. To date,

only the infrared emission technique has been successful in measuring
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the linewidths of such weak, low,frequency_vibbational modes as the C-Ni
stretch. Other sﬁrface infrared spectroscopies have been limited. to
frequencies above ~1000 cm-!.

In the case-of the C=0 stretch vibration data of Fig.Aj3, the
observed linewidth is certainly not lifetime dominated. In fact,vthe
narrowest lines, at very low coverage and at saturation, are not
resolved at an instrumental resolution of 18 cm-!. (A factor two better
resolution, combined with higher efficiency, is now ayailable with a new
grating for this frequency range.) The lineshape isvnonetheless
interesting, for two reasons; First, the linewidth at saturation is a
factor of two smaller than preﬁiously reported for this system.(§5) This
fact, combined with the absence of any band due to bridge-bonded CO--in
agreement with LEED data(66) and recent electron energy loss
spectroscopy results,(67) but in contrast to other published vibrational
data(68,69)--1cads us to believe that our surface was cleaner than in
some other experiments. We found that evén minute amounts (a few
percent of a monolayer) of contamination gave rise to line-broadening
and the.appearance of bridging CO. |

The second interesting feature is the shape of the inhomogeneously
broadened bands at intermediate coverages. The band appears to consist
of two unresolvedvlines. Neither the resolution nor thé sensitivity of
the experiment was adequate for a conclusive interpretation, but we have
sugges;ed an explanation in terms of island formation at low

coverages.(a?)
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Both the possibly homogeneous linewidth of the C-Ni mode and the
inhomogeneously broadened C=0 mode need, and are receiving, further
investigation. The data of'Figures 13 and 14, however, are sufficient
to demonstrate the power of infrared emission spectroscopy. The
extension of high re;olution spectroscopy to the weak vibrational modes
in the frequency range of a few hundred cm-! is a special feature of
this instrument. The possibility exists of extending the frequency

range still further, into the range of substrate phonon frequencies.

The modifications necessary, while signifiéant,-appear possible.

C. Arrays and the multichannel advantage

In the spectrometer described here, a single detector is used, and a
spectrum is measured by rotating the grating, sweeping the dispersed
radiation across the detector. In principle, one.could instead place a
linear array of n detectors in the focal plane, and measure a range of
frequencies simultaneously. Such a multichannel system has an n!/?
advantage in signal-to-noise fatio over a single-detector instrument.

In addition, the grating need not be moved, so that problems of the
reproducibility of the grating position, and ﬁhe generation of
mechanical noise by the grating drive, are eliminated.

Arrays of -~10 discrete detectors are commonly used in infrared
astronomy. Recently, however, monolitﬁic arrays of large numbers of
photoconductive detectors, (N = 10-1000), have appeared,(7o) These
detectors use technology developed for visible light detector arrays,
and do not need the cumbersome individual amplifiers of discrete arrays.

Because the detectors are arrayed on a single chip, high packing
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densities, (~100 cm-!), can be achieved. It can be expected that in the
next few yeabs, such detector arrays will become available for
laboratory use, opening the possibility of large gains in sensitivity
for infrared surface spectroscopy.

The exploitation of these detector arrays will require a
spectrometer with a different optical design. The short focal length
off-axis design of the spectrometer we have described here is very
combaep, but off-axis aberrations make it unsuitable for usé with large
arrays. As the size of the instrument is increased, the difficulties of
cooling it increase as well. Such spectrometers have been successfully

~built and operated, hobever, for astronomical measurements.(71)

D. - Non-Equilibrium Emission and Chemiluminescence

The discussion to this point has concerned the use of emission
spectrbscopy to observe the thermal equilibrium emission from adsorbed
molecules. For this application, emission spectroscopy has an advantage
over the more conventional technique of reflection-absorption
spectroséopy only in its lower background. There is another class of
experiments, however, for which emission spectroscopy is uniquely
suited; these are experiments involving the detection of non-equilibrium
radiation from excited species. Such an experiment has been carried out
by Chuang(72) in the near infrared (1250-4000 cm-!) region. The
excitation mechanism was the chemical reaction of XeF, gas with a Si
surface. The large amounts of energy released in this extremely fast,

exothermic reaction resulted in intense chemiluminescence. With the
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more sophisticated spectroscopic technology described here, much weaker
signals could potentially be detected.with higher spectral resolution
opening an area rich in interesting phenomenaf

As an example, consider an adsorbed molecule that has been
electronically excited by a laser or a chemical reaction. In its
electronic excited state, the equilibrium internuclear distance is
perturbed, so that an electronic transition into the ground state is
likely to leave the molecule vibrationally excited, via the familiar
Franck—-Condon effect. If infrared emiséion is emitted as the molecule
then relaxes vibrationally, this radiation could potentially be detected
with a cooled spectrometer. The problem with such an experiment in
systems such as CO on transition metals, is that the non-radiative
relaxation rates are apparently many orders of magnitude faster than the
radiative rate, with the result that the efficiency of the luminescence.
process is prohibitively small. The small probability of radiative
decay does not affect the equilibrium experiment--the principle of
"detailed balance ensures that the decay and excitation rates for all of
the non-radiative processes are equal--but it makes the measurement of
non-equilibrium radiation very difficult. Systems with molecules on
insulating substrates with vibrational frequencies much larger than
substrate phonon frequencies, such as those studied by Chuang(72) are

more promising. In such a case, the non-radiative decay processes can
. .
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be slow enough to make the luminescence experiment feasible. Other
strategies could include the use of c¢ooled samples or samples with very

high surface areas, such as dispersed catalysts.
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FIGURE CAPTIONS

Figure 1(a) Absorptance of a cold Ni surface as a function of angle of
incidence and direction of polarization.

(b) Ratio of the.peak absorptance of the C-0 stretch vibration of
chemisorbed CO to the absorptance and the reflectance of a cold Ni

surface.

Figure 2. Infrared power per mode as é function of photon frequency for
thermal sources at 1200 and 2000°K compared with the time averaged power
computed from a bending magnet and a wiggler magnet on a proposed
synchrotron light source. The power per mode is given in temperature

units defined in the text.

Figure 3. Measurements of noise equivalent photon rate NEN versus
photon rate N for a Ge:Ga detector at 100 cm-? (100 um). The data
agree with the photon noise computed from Eq.(1) with n = 1 to the

experimental uncertainty, which is a factor ~3 in N.

Figure 4. Vertical cfoss section of cryostat and sample chamber for

direct absorption experiment.

Figure 5. Sample assembly for direct absorption experiment on

evaporated films.
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Figure 6. Infrared spectrum of 10-® L CO chemisorbed at 2°K on a silver

film deposited at Tp = 4°K, showing a single band at 2148 em-'. The

integration time was ~40 min. The spectrometer resolution was 8 cm-!.

Figure 7. Infrared spectra of CO physisorbed at 2°%K on a silver film
deposited at Tp = 300°K, as a function of exposure in Langmuir showing a
single narrow band at 2143 cm-!. The spectrometer resolution was

4 em-1.

Figure 8. Infrared spectra of CO chemisorbeq at 2°K on a silver film

deposited at Tp = 4°K. A broad band due to chemisorbed CO appears at

low coverage at 2148 cm-!, and shifts to lower frequency with increasing
exposure. At 0.4 L, a sharp band due to physisorbed CO appears at
2143 cm-!, and the band due to chemisorbed CO shifts further to low

frequency. The spectrometer resolution was 4 cm-!.

Figure_9. Total frequency shift of the CO stretch vibration from Fig.
8, and chemical shift deduced from isotopic substitution as a function

of exposure. The lines are drawn as a guide for the eye.

Figure 10 (a) Dynamic contribution to the frequency shift, derived from
data in Fig. 9, for chemisorbed CO on a silver film, Tp = 4K,

(b) Integrated band intensity, from Fig. 4. The lines aré
theoretical fits to the data, using the Persson-Ryberg dipole coupling

model with a, = 0.27 &% and U(0) = 0.04 &-2,
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Figure 11. Optical layout of infrared emission apparatus, with
LHe-cooled spectrometer on the left and ultrahigh vacuum system on the

right.

Figure 12. The solid curves show the calculated detection threshold for
our emission apparatus if it were limited by photon noise. The dashed
lines show the experimental sensitivity without modulation. The x's
show the measured surface signal from CO on Ni(lOO)t The dots and
chemical symbols indicate the signal levels to be expected frbm

monolayer coverages of various adsorbates on Pt(111).

Figure 13. IR emission spectra of CO on a clean Ni{100) sufface at

310°%. The instrumental resolution was =~18 cm-}.

Figure 14. Infrared emission spectra from a saturation coveragevof Co
on Ni(100) at 310°K% The instrumental resolution was 2.5 cm-!, and a
linear baseline has been subtracted from the curves. The solid lines
are obtained by computer smoothing of the data.

(a) Spectrum of a disordered CO layer on a partially contaminated
surface.

(b) Spectrum of an ordered c(2x2} CO overlayer on a clean surface.
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