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ABSTRACT:

Sensitive vibrational spectra of carbon mohoxide molecules adsorbed
on evaporated nickel films have been measured by attaching a thermomgter
to the sample, cooling the assembly to liquid helium temperatures, and
recording the teméerature changes which occur when infrared radiaﬁion
is absorbed. ' The measurements aré made in an ultrahigh vacuum chamber
in which the sample surface can be cleaned,’heated,.eqused to gas
molecules and cooled‘to 1.6 K for the infrared measurements. The
- spectra of chemisorbed CO ﬁolecules are interpreted in terms of the
linear and bridge adsorption sites on the nickel surface, and they show
how the distribution of molecules among these sites chapges when. the
CO coverage increases and intermolecuiar forces become important. The
spectra of physically adsorbed molecules in both monolayer and multi-
layer films are also reported.

Absorptions as small as five parts in 105 of the incident radiation
-can presently be detected in spectra covéring broad bands of infrared
frequencies with a resolution of 2 cm-l. This high sensitivity is
attributable to the low noise and reduced background signal of the

thermal detection scheme, to the stability of the rapid scan Fourier



transform infrared spectrometer, and to the automated computerized data
acquisition electronics. Better performance is expected in future
experiments on single crystal samples as well as evaporated films. This
will make it possible to sfudy molecules with weaker absorptions than
CO and to look for evidence of chemical reactions between different

adsorbed molecules.
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I. INTRODUCTION

The vibrational spectrum of a solid surface can reQeal the identity
and bonding configuration of adsorbed atoms and molecules. Recent
experimental advances have made it possibie to measure such spectra for
" single crystal samples. Electron energy loss spectroscopy has
detected surface visrations over a broad rénge of energies with a
resolution of approximately 10 meV (80 cm—l). ‘Infrared reflection
‘spectroscopy._ is‘capable of much higher spectrai resolution, but its
vapplication has been limitedyto narrow regions of the vibraﬁional

spectrum. This thesis describes the development of a novel spectroscopic
technique which achieves both the broad béndWidfh of electron energy

loss spectroscopy and the high-resolutionbof infrared spectroscop?.

A thermometer attached directly to the sample crystal measures the

. temperature chéngés.which occur when infrared radiation is absorbed.:

our initial measuremenﬁs of carbon monoxide on evaporated nickel films
demonstrate that the technique is sensitive enough to detect many
different molecules and to study their properties in the adsorbed state.

A variety of experimental techniques have been used to study the

interaction of gasesbwith single crystal surfaces.6 Photoemission
spectroscop?, low energy electron diffraction, and Augervelectron
specﬁroscopy prbvide information on the structure and composition of

the surface layer. Molecular beam techniques and mass spectrdscopy

have successfully monitored chemical reaétiéns which occur at the surface.
Work functions, heats of adsorption, énd activation energies for

diffusion, desorption, and bond formation are other important quantities



which can be measured. Of the available techniques, vibrational
‘spectroscopy gives the most detailed information on chemical bondihg.
Surface spectra'can bé compared to the spectra of free molecules to
determine what bonds are present and héw they are changed by the adsorp-
tion process.

One of the earliest applications of infrared spectroscopy to
surfaces was the work of Eischens,7 who_observed the transmission
spectrum of carbon monoxide adsorbed on niékel samples chemically
depésited on finely divided silica. High surface area hetal samples
of this type are ﬁsed as catalysts in many industrial processes.
Infrared spéctroscopy is therefore an iméortant technique for studying
catalytic reactions, and this continueé to be an active field of
résearch.8 The spectra however are often -difficult to interpret. They
depeﬁd not only on thermetal and adsorbate being studied but also on
the composition and structure of the supporting medium and other details
of sample preparation. To eliminate the effects of the supporting
medium and to avoid contaﬁination, it is necessary to study single
crystals or evaporated films under carefﬁlly contxolled ultrahigh
vacuum conditions.

A fﬁll monolayer qf carbopMﬁonoxide, which hés one of the st;ongest
infrared active vibratiénai nmodes, absorbs only a few per cent of the
incident infrared radiafion at the peak of its resonance. Transmission
spectra of supported metal samples rely on multiple reflections to
build up a measurable signal. Multiple reflection geometries have

been devised for evaporated films and metal foils with large surface
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areas9 but are not practical for éingle crystals.whose surface areas

are usually less than 1 cm2. To study fhese samples it is neceésary

to detect small changes in the infrared power reflected from the

surfaée. The lowest noise level achieved in experiments using reflection
spectroscopy‘is approximately 0.02 per cent of the total incident power.
These measurements sqanned émall regions of the infrared spéctrum and
employed either wavelength4 or polarization modulation5 to reduce the
effects of fluctuations in the infrared beam. 1In only a few experiments
"have molecules other than carbon monoxide been detected.4'9'lO

Energy loss spectroscopy (ELS) detects electrons scattered
inelastically from the crystal surface. The_energy'lost by an electron
is equal to fhe energy difference between vibrational states of the
adsorbed molecule. Allowed vibrational excitations are governed by the
same dipole selection ruleé which‘apply to infrared spectroscopy,ll'12
and only a small fraction of the incident electrons cause transitions.
Since these inelastically scattered electrons differ in energy from the
rest of the bean, they can be filtered out by the electron spectrometer
and detected separateiy. The large background signais which occur in
infrared reflection sﬁectroscopy are therefore avoided.

Sensitive energy loss spectra have been reportéd for many
molecules over the frequency range 300-4000 cm'-l;12 One recent
experiment detected an ihtermediate surface state in the dehydro--
genation reaction 6f ethylene on a Ni(1l1) surfaqe.13 In addition to

observing the internal vibrational modes of adsorbed molecules, ELS

has detected the low frequency vibrations of the bonds linking the



molecule to the metal surface. Thesa have not yet been seen in infrared
experiments done in ultrahigh wvacuum.

Although ELS has proved more senaitive than infrared spectroscopy,
it has several limitations. One is that it cannot detect the high
reésolution features seén in an infrared spectrum. Ancther is that it
cannot be used when the backgrouna pressure exceeds 10“3 torr because
electron scattering by gas molecules then becomes important. Finally,
the incident electron beam in ELS can induce changes in the surface
layer.14 These limitations provide an incentive for the development
of more senéitive infrared and optical techniqﬁes for studying surfaces.
Ellipsometry,ls Raman s‘cattéring,16 opto~-acoustic spectroscopy;17 and
surface electromagnetic waves18 have been mentioned as poSsibilities.-
Tunable laser sources also offer advantages; however, none are
presently available which cover broad bands of infrared frequencies.

The infrared technique discussed in this thesis is called absorption
spectroscopy since it detects only the fraction of the incident
radiation which is absorbed by the sample and converted into thermal
enerxgy. For highly reflecting metal samples, absorption spectroscopy
has the advantage that it does not detect the large reflected signal.

It will therefore be less sensitive to fluctuations in the incident
beam than reflection séecfroscopy. Electron energy loss spectroscopy
aahieves the same advantage by detecting only the inelastically
scattered electrons. Unfortunately, photons are not as surface
éensitive as electrons. They penetrate hundreds of angstroms into a
metal sample and interact with the conduction electrona. The.result

is an absorption spectrum with a broad background signal on top of
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which appear the spectral lines from vibrational mpdes in the surface
layer. Since the amplitudé of the lines isvthe same as in the'refiectién
spectrum, it is the size of the background signals'detected in absorption
and reflection spectroscopy which determines the relative sensitivity
of the two techniques. For a noble metal like copper, the background
signalvin absorption spectroscopy can be asbmuch as 20 times less than
in reflection spectroscopy.-war fransition metals the advantagé of
absorption spectroscopy is significantly smaller especially ét high
frequencies where interband transitions occur.

Absorptibn spectra of solids have been measured using a variety of
thermal detection techniques and infrared sources. When laser
radiation is available, thermocouples are sensitive enough to detect
thé tempefature changeé.lg. In opto—acoﬁstic spectroscbpy17 the ihermal‘
energyzis converted into.sound waves fqr detection by avmicrophone.
The procedures which we use for sensing small:temperature,éhangés
have beeh wideiy applied in the design of broad band‘radiation detectors

21,22 The principal requirements are a low heat

called bolometers.
capacity sample‘and a small thermal conductance linking the sample to
its heat sink. Spectral measurements must be made at liquid helium
temperatures in order to detect the small infrared absoxptions from a
monolayer of adsorbed molecules:. A doped germanium reéistance thermo-
meter measures the sample temperature. Using similar low temperature
techniques,'Joyce and Richards:-22 have measured the absorption ;pectrum
of metal samples at far infrared frequencies.

The experiments described in Chapter V of this thesis clearly

demonstrate the potential sensitivity of the low temperature thermal



detection scheme which we have developed. These ﬁeasurements were
made over a thfee week period after spending two and one half years
designing, building, and optimizing the cquipment. Ouf principa1 
accomplishment has been to demonstrate that a practical spectroscopic
system of this type can bc built and that its sensitivity is adequate
to study single crystal curfaces} Most of the thesis therefore focuses
on experimental details. The conténts‘of each chapter are bricfly
summarized in the following paragraphs.

In Chapter II we preseﬁt a simple model for calculating the
infrared absorption of a mctal surface-covered by a thin layer of
molecules. Thelmetal is freated as a homogeneous medium, .and only
dipole-dipole interactions between molecules are included. Such a
model does not account for the complex chemical effects which are
observed in an infrared speccrum. It does predict the approximate
magnitudes of the absorption signals and determines the optiﬁum
experimental conditions for absorption spectroscopy.

Chapter III describes the vacuum system, thermél detection
scheme, infrared spectrometer, and data acquisition electronics which
we use to measure absorption spectra of surfaces. The sample crystal
is maintained at a temperature-of 1.6 K by a liquid heljium cryostat.
‘The bakeable saﬁélé chamber has a base pressure of approximately
10 torr and includes facilities fcr‘cleaning and heating the sample
crystal, evaporating metal fiims, énd»makin§ controlled gas exposures.
It does not include any means for characterizing.the surface other

than the infrared technique being developed. The infrared beam is .



incident én the sample from a rapid scan Fourier transform spectrometer.
A»mini—computer contfols the data acquisition process, performs thé
Fourier analysis, and calculates spectral'differeﬁces to isolafe
surﬁace effects. | |

Chapter IV presents a detailédvquantitative analyéis of the
peiformance of the system. Our best measurements have been made on
‘evaporatéd nickei‘films sampies At freqﬁencies between lOQO ém_l and

3000 cm'-l with a resolution-of 2 cm'-l

. The lowést rms ndiSe 1évels

on the spéctra aré equivalent to an absorption of 13 péfts per hillion

bf the incident-infrared powef. We show thét élimination of excess

noise from the spéétrometer, data écquisition eiectronics;'and thermo-

meter crystal wili imprové the performahcé by é factor of ten. Our

calculations also show that comparable senéitivities‘can be achieved

for single crystal samples witﬁ hundreds of times the heat capacity

of the nickel films presently being studied. The analysis indicates

. that sensitive spectra can also be measured at lower infrared fre-

quenéies where much less‘power is available from the infrared source.
The results of our first experiﬁents are presented in Chapter V.

The data.show the effects of systematically varying the temperature

of an evaporated nickel film following exposure to carbon monoxide gas.

Distinct absorption lines are detected for the CO molecules chemically

bonded to one, two, and three nickel atoms on the film surface. The

spectra show how the distribution of molecules among these adsorption

sites changes when the surface coverage increases and intermolecular

forces become important. Several distinct bonding configurations are



also detected in the spectra of monolayer films of physically adsorbed
carbon mohoxide which are stable on a surface only at low temperatures.
For multilayer CO films we see evidence of é new low témperature
crystal phase with very narrow infrared linewidths. These measurements
demonstrate that surface states formed oVer a broad range of tempera-
tures can be conveniently studied using our low temperatuie techniques
and that precise control of the sample temperature allows us to measure
activation enefgies f&r chemical and physical changes. Future experi-
ments will focus on single crystalbsémples,Aon molecules other than
carbon ﬁonoxide, énd on the detection of vibrational modes at lower

frequencies where the absorption technique has its greatest advantages.



II. INFRARED ABSORPTION BY SURFACE LAYERS

The oscillating dipole moment of a vibrating molecule iﬁteracts
with the electric field of an incident plane wave and causes the infrared
absorption which we. detect in our,experiﬁent. In many cases this moment
is only weakly perturbed when the molecule is adsorbed on a.metal_k
surface. It should then be possible to accurately calculate the
absorption spectrum from the measured properties of the free molecule
and of the clean metal,éurface. These caiculations tell us what. angles
of incidence make the surface absorption signals most prominent‘énd
- what signal to noise ratio is.necessary to detect the presence of a
given molecule. By comparing the magnitudegof the caléulated effects
in the absorption and reflection spectra, we can prédict the relative
advantaéesvof the absorption technique described in this work compared
with conventional reflection spactroscopy,v

Gréenler23 has shown that infrared absorptions on a metal sﬁrface,
are maximized when the radiation is incident at nearly grazing angles.
He modeled the adsorbed molecules as a continuous dielectric film and
solved Maxwell's equations-to calculate the reflected and absorbed power.
The results and applications of the thin film model_are.discussed in
a recent review by McIntyre.24 In our application we derive the
dielectric constant of the sufface layér fiom a simple dipole model
of the adsorbed moleculééf- To properly account for dipole-dipole
interactions in a monolayer £film, we repléce the standard Lorentz
correction29 to the local electric field with a direct sum of the

dipole fields from all occupied lattice sites on the surface.
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A. Dipole Model for Carbon Monoxide

Vibrational transitions in carbon monoxide gas are accompanied
by changes in the rotational state of tﬁe molecule. The resulting
infrared spectrum contains hundreds of sharp absorption lines. Free
rotation does not occur when the molecules arevbonded to a metal surface
or condensed in the solid phase ‘at low temperétures.25 In our
experiment.we therefore expect a single absorption line associated with
 transitions to the fir;t excited vibrational state, and we can use a
simple harmonic oscillator model to predict the infrared abSorption.

To characterize the vibrational mode of the oscillator, we need
only know its resonant frequency.vo, linewidth Av, reduced mass |,
and effective charge g. For the free carbon-oxygen vibration, U = 6.86
proton masses and vo = 2143 cm—l. The observed linewidth varies:from
SO cm_l for carbon monoxide with a strong chemical bond to a metal
surface to less than l'cm-'1 forva thick layer of molecules crystallized
into é well ordered lattice. An expression for the molecule's dipole
moment, deduced from measurementé of the gas phase spectrum,26 is
pP=p,+ q. Ar where P, is ~-0.112 X 10—18 esu-cm, g = 3.1 X 10—10 esu,
and Ar is tﬁe disblacement of the intefatomic distance from its

equilibrium value of 1.13 X 10_8 cn.

If the electric fiéid at the site of a molecule is E(t) = E e—iwt,
then the induced dipole moment has the same time dependence and an
amplitude p = 0 (wW)E where the-complex'polariéability i527

2 l .
alw) = g /u +top =o' (wtio"w . . (1)

(w 2-(»2) - iwAw
(o}
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In this formula w = 2mcy and Aw = 2mc AV where V and Av are expressed in

o 7 R _ | , R . -
cm . The contribution aE is a real constant arising from the polari-
zability of the electrons in the molecule which have their resonances
"at visible and ultraviolet frequencies. The measured optical index of

. ; o ’ o 1a=24 3
refraction for CO gas yields a value Op = 2 %X 107" cm .
The bowér absorbed by é’single‘molééule is the brdduct’of its

absorption cross section o(w) and the'incidénf‘infrared'pOWer per unit’

. : oo 27
area. The cross section 132
W
W) =ar T o' (.

It has a peak value at resonance of

' 2 -17
. 29 _ 1.95 x 10 2
0(wo) 2, Av ' cem-

Uc Av

The vibrational polarizabili£y is significant only for electricv
fields pgrallel to thg axis_of the mpiecule. qu randomly oriented
molecules this»meaps tha;_ope third‘qf all thg,dipole moments are
active in the absorptiop‘process.“‘To,illustratg the strength of the
carbon monoxide absorb;ion, we‘COnsider a layer of NA_mqlgcples per
unit area adsorbed on‘the>SUrface,Q£ a pranspayggt substrate.
Radiation of frequency wy is_incident aﬁvan angle ¢ to thg surface
normal. The lgyer absorbs a frac;iog_'NAQ}wo)/3;cps¢ of the total
incident power.. For ¢ = 80°,AAV = 6 cmﬁ} and for a single layer of‘

. 4 : .
molecules with N_ = 7.6 X 10} /cmz, we calculate a fractional

A
absorption of 0.5 per cent. This estimate assumes that the fields

in the surface layer are those of the incident piane wave alone. To
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improve the accuracy of the calculation we must include the effects of
electric fields from dipole moments induced in the substrate and in

neighboring molecules in the surface layer.

B. Dielectric Constant of the Surface Layer

To accﬁrately calculate‘the infrared abéorption of our sample we
must treat the molecules on the surface as discreté aipoles rather
than as a.continuoué dielectric film. Born and wolfe28 discuss the
propagation of electromagnetic waves in such a medium. The total
electric field is the sum of the fields from externél sources and those
produced by the iﬁdividual dipoles. The polarizabiiity 0 relates the
dipole moment of a molecule to the local value of the electric field.
The basic equations of this microscopic theory are ob;ained by
requiring that the fields and moments within the medium be self-
consistent.

For an electromagnetic wave incident on a polarizable mediﬁm from
vacuum, the microscopic theory yields a reflection coefficient28 which
is equivalent to the oﬁe derived from Maxwell's-equations for two
" homogeneous media. This is because the reflected field is evaluaﬁed
far from the intérface where it depends only upon the spaﬁially
averaged propertiés,of thé medium. For thé same reasons we should be
able to use the soluff?n'of Maﬁwell's equations. for the thin film
geometry of Fig, 1 to calculate the reflection coefficient of a metal
surface covered by a layer of adsorbéd molecules. The self-consistency
requirement of the microscopic theory nust be imposed to find the

relationship between the average polarization P and the average
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3= €y= | . } ~vacuum
Z: ¢, ~ do surface
2. |

m- € ? ~ metal

 XBL78I2-6325

Fig. 1. Thin film surface gedinetry;
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electric field E within the surface layer. This determines the effective

dielectric constant of the molecules

es = 1 + 4TP/E, o (2)

The local electric field E# at the site of a molecule is found
by adding the extérnaliy applied field E, to the total dipole field
ED contributed by all the otber'molecuies in the medium. For buik
materialsz? moleculés within a spherical‘shell surrounding the lattice
site are treated as discrete dipoles, and £ﬁeir individual electric
fields are added together. Moleculesloutside the spheie are assumed
to form a continuous polarizatioﬁ with density P, and the electric
field is calculated bynintegrating over.the remaining volume of the
crystal. The integral has.a.contribution 41P/3, called the Lorentz
fieid,'from the inside surface of the spherical cavity. The outer
surface of the medium also contributes to the dipole field. For the
‘thin film pictured in Fig. 1 and polarized perpendicular to its

surface, the field is ~4TP. The total local fieid is then

= - = +
EL EA + Ec + 4n2/3 47P E + EC 4TP/3

where EC is the field from molecules within the spherical cavity, and

E = EA - 4TP is the average field which appears in Maxwell's equations.

The term EC depends upon the lattice structure of a solid medium and

vanishes for sites of cubic symmetry.

When the film cbnéists of a single layer of adsorbed molecules,

it cannot be treated as a continuous medium and ED

must be calculated

by summing individual fields from all the surface dipoles, Two
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~dimensional lattice sums of this t&pe have been used to estimate the
"heat of adsorption of xﬁolecules30 and the work function change caused
by adsorbed monolayers.31 The results for square arrays and hexagonal
arrays differ by only a few per cent. We perform the calculation for
‘a square array of sufféce dipoles and consider only the electricbfield
components perpeﬁdicular to the surface. Parallel fields are effectively
canceled by the response of the conduction electrons of the metal
substrate. |

The real sgrface consists of an array of adsorpﬁion‘sites with
lattice conétant do. .A fraction‘eiof the sites are occupied by adsorbed
molécules. We model this sﬁrface:as a square érray of occupied sites -
with lattice constant dé//g. We use do'as the thickness of the film
in Fig. 1»and now proceed to deriVélthe appropriate dielectric constant
Esf'. |

Ifp is_the dipole moﬁent of a single ﬁolecule, then there will
be an image dipo}e p' induced in the metal sﬁbstrate a distance do
£rom each source dipole. Itszmagﬁiﬁﬁde‘is32

€ -1
S m .
P,

-
13 € +1
m

if we use a continuum model.for the response of the metal. Since
Iem)'>> 1 for good conductors at infrared frequencies we can assume
p'=p. ‘ :
. . . -> R ->
The electric field at position r=0 produced by a dipole p at
e o
position r is

2. 37 (per) - p
= _._..E_.___Bﬂ .
Iz
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For dipoles oriented pérpendicular to the surface we find the total

fields for the array of source and image dipoles to be

. s 2: L 3/7.~-, Pe3/2 R
source 3 co2 o 2.3/2 7 7 E
3 .
S IEECES GR NN
v . - . ) K 5 2 - -
image (dO//é')3 5 e+ 12433 do3

Cutting off the series at 200 laftice constants, a computer ¢alculétion
yields A = 9.005 and B(6=1) = 0.113. The value of A agrees with the
published resu1t49.035 for the infinite sum.33' The infrared wavelengths
of interestlin Vibrational spectroscopy are typicélly 104 lattice
constants. The convergence of the lattice sums in a small fraction.
of this distance justifies the neglect of retardation effects in evaluating
the dipole field from distant molécﬁles. |

The locai field at eéch-site in the surface layer‘is

3/2 ' _ v
E =E 4—29———- [B(B)-A] = E+ 41P + 6;/2 P[B(0)-a] (3)
L A 3
d
o
‘where we -have defined an average polarization density P =vp6/do3_ and
again used the relation E = EAv— 4mP between the externally applied
field EA and the average field E within the surface layer. Self
consistency between the fields and polarizations is achieved if we

combine Eg. (3) with the defining relation for the molecular polari-

zability p = aEL to obtain
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P = GNva Et'# ENVQ'[E + C(0)P] | (4)

where NV:=-l/do3. The quantity

c(8) = am + 622 [B(8) - A] | (5)

determines the maghitude of the local field correction, - Using Eq. (2),

the self consistent dielectric constant is

que-

(6)
} - NVaGC(Q)~

s (0) =1+ 4ar

- We have focussed upon the problem of dériving‘an effective éurface
layer dielectric constant to be used with Maxwell's equationé in éalcula—
ting the reflection coefficient for the thin.film goemetry pictured
in Fig. 1. ’Sivukhin34 obtéins the amplitude of the reflected wave
more directly by summing the scattered waves from individual m&lecules
in the surféce layer. His theory takes into account the lattice structure
of the substrate as well as the sgrface'layér,'so it is potentially
more accurate than our model which aésumes a homogeneous substrate.
Because Sivukhin's resulfs dre complicated, and his paper is in Russian,u
we have not attempted to use it inﬂdalculating infrared absorptions.
However‘Boo.tsn‘la35 has compared Sivukhin'S.Predictions for the phase
shifts obséfved in optical ellipgome;rynwith-calculations based upon
Maxwell's eqﬁationg. The two_approgcheszgive_very similar results -
fér the covefage dependencé‘qf the phase shift, and the experimental

data are not accurate enough to distinguish between them.
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C. Optical Constants of Metals

The optical properties of a metal sample determine the surface
sensitivity of infrared absorption spectroscopy. For metals with large
infrared absorétions it is mofe difficult to detect the smali signals
" contributed by molecules on the surface. At the high angles of incideﬁce
which maximizé the surface sensitivity, the absorpﬁion coefficients
of different metals range from 5 to 50 per dent and depend ﬁpon-the
frequency of the radiation and the temperature)of the sample. In this
section we consider the pubiished measurements of the infrared optical
constants of nickel and cdpper and use a free electron model to estimate
the changes which occur when the sample is cooled to liquid helium
temperature.

If we include a phenomenoclogical scattering time 1 for each electron,
the'standard fesult for the frequency dependent dielectric function

' . 36
of a free electron gas is

| 47i Oo'
| em(w) = 1 + ‘ ' (7)

w 1 - iwt

where o, -.=vae2 T/m is the electrical conduétivity, N is the number

of electrons per unit volume, and m is the effective mass of the

electrons. The value of % deduced from optical and infrared measurej

ments is generally less than the measured DC electrical conductivity. ¢
This is because optical measurements preferentially sample the disordered

éurface layers of a metal and also because photons cause interband

transitions. It is generally found however that the best DC electrical

conductors exhibit the lowest infrared absorption. The noble metals



~1G-

copper,. silver, and gold are therefore better prospects for absorption
spectroscopy than transition metals such as nickel and platinum. The
scattering time 1T is the temperature dependent_parameter in Eq. (7).

At room temperature it.is limited by electron-phonon collisions. At
low temperatures phonon scattering becomes negligible; the conductivity
increases, and we,expect less absorption at infrared frequencies.

38

37 . , . I
Two measurements™ ' of the index of refraction LT Ve, of

evaporated nickel films have been reported in the infrared frequency

range between 800 cm—lvand 5000 cm—;,

Both show substantial deviations
from the free electron model. Beattie's results fit Eq. (7) fairly
well below 1200 cm—l, and here the expected increase in absorption
due to phonon scattering is observed at elevated temperatures. From
this low frequency data the free electron parameters ate found to be
o, = 3.16 x lO16 esu énd T = 1,02 % 10'—14 sec at room teméerature.

Above 2500 cm"l the measured index of refraction is only weakly tempera-
ture dependent and indicates‘the presence of an additional absorption
probably caused by interband transitions. Only the relatively‘smali
free electron contribution to the meaéured high frequency absorption
is exbected to deérease with temperature.

At infrared frequencies the mean free path of an electron in nickel
at room temperature is 150A if we assume a Fermi velocity of 1.5 x 10

»cm/sec and use Beattie's valﬁe for the scattering time. At very low
temperatures phonon and electroﬁ scattering are no longer, important,

and the electron mean free path is determined by other scattering

mechanisms. In polycrystalline evaporated films defects and grain
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boundaries can limit the mean free path, and the optical constaﬁts

are sometimes observed to vary with the conditions of evaporation.

For annealed single crystals we expect the mean free path to be limited
by more fundamental processes. When the mean free path becomes much
gfeater than the penetration depth of radiation into the metal) scat-
tering of electrons from the surface can become the dominant loss
mechanism. The theory of the anomolous_skin effect applies in this
1imit.39 If surface .scattering is inelastic, then the effective mean
free path is approximately equal to the penetration depth ¢ which is

given by4Q

1 oW
3= Im [2 < Vem(w) 1 .

At 1000 cm—l using the free electron parameters for nickel, we find
§ = 260 A.
. . i .41
Another loss mechanism, predicted by Holstein, involves the
"absorption of a photon and emission of a phonon by the scattered
electron. The scattering time Ty for this process is

_ 57T
Tw ~ 28

where T is the electron-phonon scattering time measured at a temperature
T greater than the Debye temperature é. Usiﬁg Beattie's measured value

v =0.72 x 1071 sec at T = 520 K and using 6 = 450 K for nickel we find
Ty = 2.1 x lO“14 sec, so the mean free path is 315 A. Surface scattering

and the Holstein mechanism give similar scattering lengths which are

approximately twice the measured room temperature mean free path. We
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therefore expect no more than a factor of two increase in the optical
conductivity and time constant when we cool a nickel sample. |

Table 1 compares the measured room temperature complex index of
rgfraction for nickel and copper with the expected iow temperature
values. The room temperature data are from Beattie's‘publiShed measure-
ments. The low temperature values assume a factor of two increase
in o, and T for the free electron contribution to the dielectric constant.‘
To calculate nickel's low temperature index of refraction at 2000 cm—l
and 4000 cm—l in the présence 6f temperatufe independent interband
absorptions, we have separated the inﬁerband contribution to the
dielectric function from the free electron contribution and corrected
" only the free electron part. Measured inﬁerband absorptions in copper
are much smaller than for nickel. A fiee electron model with

14
S

'co = 1.54 x 1017 esu and T = 1.41 x 10~ ec was found by Beattie

to be accurate at all four frequencies listed in Table 1.

D. Numerical Results

The électric field of the plane wave reflected from the interface

pictured in Fig. 1 has an amplitude

2i
o218
vs sm

- 21
1+ r r e 8
vs sm

. 4
relative to the incident amplitude. 2 The phase change across the
surface layer for infrared wavelength A is
el

o)
B = Zﬂns 5 cos ¢S .
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-Index of Refraction of Metals

Table 1.

Nickel 500 cm 1000 cm 1 2000 cm” 4000 cm !
Warm 22 + 511 7.6 + 29i 5.0 + 16i 3.6 + 9.0i
Cold 15 + 651 4.3 + 33i 4.0 + 16i 3.4 + 9.0i

Copper
Warm 36 + 106i 11 + 59i 2.9 + 31i .77 + 16i
cold 22 + 118i 5.8 + 61i 1.5 + 31i .47 + 16i
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The Fresnel coefficients rij give the reflected amplitude for the single
interface between media i and j. For the polarization states parallel

and perpendicular to the plane of incidence their values are

ru. _ Bj cos ¢i - n, cos ¢j
ij n3 cos ¢i + n, cos ¢j
n, cos ¢. - n, -cos Q.
R % ¢
ij n. cos ¢, + n, cos ¢,

i 1 J J

where the angles ¢ikare related by Snell's law
n, sin ¢i = nj sin ¢j .

Since no power is transmitted through ﬁhe meFal, the tbtél absorption
by the interface isA=1 - [r[z. We musf evaluate A for different
values of ¢V, ns, and nm in order to predict thie power absorbed by
our sample. The surface layer index of refraction n_ is calculated
from the dielectric constant of Eq. (6) for different surface coverages
® and polarizabilities a; The polarizability o is given by Egq. (1)
and is a function of the infrared frequencies Vv and vo and the linewidth
Av. For absorbing media all the expressions involve com?lex numbers,
and their forms reveal very little about the gualitative dependence
of the absofption signal on the variablgs ¢V, ng,‘e, v,'vO; and Av.
We have done numerical calculations én a computer, and in this section
we discuss fhe results.

The angular dependence of thevmétallic absprption is shown in
Fig. 2a for a cold nickel sample using the index of refraction from

Table 1 for v = 2000 cm_l. The bulk absorption by the metal is given
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as a fraction oflthe total incident power. Relatively little absorption
occurs for radiation polarized perpéndiéular to the plane of incidence
because for this case the incident electric field is parallel to the
metal surface. The electrons in the metal respond to cancel such a
field, and in the process they‘radiate a reflected wave of nearly equal
amplitude and.opposite phase. The result is a standing wave pattern
"with a minimum in the electxic field amplitude at the position of the
surface. Bécause the field is small, there can be very little absorption
v in phe‘surface layer. Molecular dipoles.oriented parallel to the surface
are therefore difficult to detect using infrared spectroscopy.

For radiation polarized parallel to the plane of incidence, there
is an electric field component normal to the metal surface which is
not canceléd by the conduction electrons. At ;arge angles of incidence
this field interacts strongly with both the metal and surface layer
producing a maximum in the absorption by both media for angles between
>85° and 90°. Below we consider only thié‘parallel polariiation component
since effects from radiation polarized perpendicular to the plane of
incidence are two to three orders of magnitude smaller.

The surface signal showh in Fig. 2b is for 0.1 monolayer of randomly
oriented molecules with the dibole paraﬁeters g and ¢ of carbon monoxide
and a resonant frequency v, = 2006\qmw1. In calculating‘the index of
refraction n, = /E; from Eq. (6), we use the measured density of solid
carbon monoxide N, = 2.2 x 1022 moleculés/¢m3. We assume a linewiath
Av = 6 cm“l to calculate the polarizability from ﬁq. (1). The surface

signal is taken as the difference between the reflection coefficients
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calculated for the two frequencies v = vo and v = Vo + 10 Av. In’

Fig. 2b, this quantity 'is ratioed to the total absorbed power and to
the total reflected power to predict ﬁhe fractional signal change we
expect to observe in absorption and reflection spectroscopy -due to the
dipole resonance at frequency vo. For optimum sensitivity reflection
spectroscopy must use a high angle of incidence. For the nickel surface
at 2000 cm_l,'absorption spectroscopy sees twice the fractional signal
and can use a broader range of angles.

Figure 3 shows that absorption spectroscopy achieves a larger
advantage ovef reflection spectroscopy for infrared frequencies below
2000 cm—l where the interband absorption by bulk nickel is reduced.

The surfacevsignal in Fig. 3b is for a molecule identical to carbon
'monoxide except for the frequency of its infrared resénance. The
fractional absorption signal increases as the bulk absorption drops.

For the cold nickel sample it is roughly six times the corresponding
reflection signal at lObO cm—l. For a free electron metal like copper,
an advantage of approximately 20 is achieved over the entire infrared
spectrum if we use the dielectric constants»in Table 1 for a cold sample.
In all cases the surface absorptions are a small fraction of the total
sample absorption. For a molecule_with one tenth the'dipéle strength

of CO and a linewidth of 60 cm_l, we expect fractional absorption -
signals lOOItimes smaller than those of Fig. 3b. Detection of 0.1 monolayer
of such a molecule on a nickel surface requires a signal-to-noise ratio
~on the measured absorption spectrﬁm of between 104 and 105 depending

on the infrared frequency.
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Figure 4 shows the coverage dependence of the fractional absorption
signai using different models to account for screening of the electric
field within the surface layer. The féctor C(8) in Eg. (4) and (6)
gives the size of the local field correction used in calculating the
surface layer dielectric constant. For C = 47 we subtract away the
entire screening field -47P which is implicit in a solution to Maxwell's
equation for a thin layer polarized perpendicular to its surface. This
gives the unscreeried absorption shown in Fig. 4. Also shown is the
coverage dependence predicted by our model of a simple cubic surface
lattice with C(6) given by Eq; (5). The absorption sfrength begins
to saturate at high coverage when the screening .effect of neighboring
dipoles'becdmes important. ‘This saturation is also observed assuming
a Lorentz local field with C = 41/3 or aésuming that the full screening
field -4nP is present in the surfaée layer with C = 0.

Another possible model of the surface layer assumes a dielectric
constant which is independent of coverage and a film thickness which
increases linearly with coverage._24 Figure 4 shows the predictions
of this variable thickness model using a Lorentz corrected dielectric
constant calculated from Eg. (6) with 6 = 1 and C = 4n/3. The absorption
strength is proportional to surface coverage. There is no saturatioh
because the polarization density and screening fields are independent
of 6. Even for very small surfacé coverages, the electric field within
the film is reduced by a factor.l/eS from its value just outside the
film, and this caﬁses the variable thickness model to underestimate
infrared absorptions. For a surface model to be accurate there must

beno screening of the applied electric field in the limit of very small
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coverages. This means that the dielectric constant must vary with ©
and approaqh one as 6 approaches zero.

The frequency dependence of the surface signal in the neighborhocod
of a molecular resénance at‘\)O = 2000 cm_l,is plotted in Fig. 5. The
peak absorption is shifted from vo because the vibrational mo@es of
neighboring dipoles and their images are coupled to each other through
theirvelectric fields. Because of the shift the surface signal cal-
culated at the resonant frequency v, is less than its maximum value.

In calculating the results shown in Fig. 3 and Fig. 4, we compensated
fpf this shift7b§ evalﬁatihg the surface absorption at the pgak of the
resonance rather'than at'frgquenpy vo.

The peak absorption frequency’of the coupled'dipoles can be deter-
mined from the form of the résdnaﬁce denominator which appears in the
expressién'for the average polarizatién in the surface layer due to
the applied electric field E,. Negiectingvthe'electronic contribution
to the molecular polarizability we.find ffom Egs. 1, 3, 4, and 5 that
N8 qz/u

= : - (9)

P
EA w 2+—NV63/2 [A-B(e)]qz/u- wz— iwlw

o

Comparing this equation to the polarizability of an isolated molecule
given by Eq. (1), we find that the effective resonant frequency’of the

coupled oscillators is

= (woz + NV93/2 [A-B(8)] o2/m)/? (10)

weff

Fields from neighboring dipoles are includéd in the lattice sum A.
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These fields oppose the externally applied field and act as additional
restéring forcés on the osciilating dipoles. This effectively raises
the resonant frequency. The.image diéoleé produce an electric field
of the opposite sign. For sufficient;y Small coverages the image
contribution B(8) exceeds the direct diépié contribution and the net

frequency shift is negative as shown in Fig. 5 for 8 = 0.1.

E. Experimental Tests

The simple theory presented in this éhapter includes only dipole—
dipole interactions between molecules in the surface layer. Precise
agreement with measured spectra cannot be expected since we have ignored
the lattice strUcture‘of the metal substrate and the mechanism of the
bond linking the molecules to the substrate. ‘A few experiments have
been pefformed which provide gualitative confirmation of our calculated
results. Pritchard's infraréd spectra43 of carbon monoxide on copper
confirm the angular dependence of ‘the signal predicted by Greenler's
original calculation23 and by our model (Fig. 2b). The saturation of
the absorption signal44’45 predicted in Fig. 4 and‘tbe coverage
dependent frequency shifts46 preéiéted by Eq. (10) have also been
observed in the spectra of chemiso?bed CO. These effects may arise
from the simplé dipole electric fields of our surface model or from
more complicated coverage dependent‘chemical interactions.47 vIn
Section V-A-7 we show that the intensities and frequency shifts in our
spectra can be explained by dipole fieldsvalone if we use a value fdr
the dipole charge q of the chemisorbed CO molecule which is approxi-

mately 1.7 times that of the free molecule.
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Physically adsorbed molecules pfévide a somewhat simpler system
for testing our calculations.b Thé linewidth measured in our experi-
ments on physisorbed CO is approximately 6 cm"l and the peak absorption
strength per monolayer ranges from 1.5 to 2.8 per cent of the_background
absorption by the nickel film; The results éf our léttice sum calcula-
'tiqﬁ (Fig. 4) are in good agreement predictihg a 2f4 per cent signal
for one ménolayer. We have not Yet measured the coverages and signal
strengthsbaccurately enough to verify the saturation effect. The

measured frequency shifts are discussed in Section V-B-1l.
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III. APPARATUS AND TECHNIQUES

The thermal detection technique which we have developed makes
surface absorpﬁions more prominent than.in conventional reflection
spectroscoéy for samples which reflect most of the incident radiation.
With this advantage come two principal experimental difficulties. First,
the required sensitivity and frequency response are achieved only at
very low sample temperatures. This places constraints on the geometry
ofAthe vacuum chamber and limits the accessibility of the sample. It
also means that we cannot study surfaces af high temperaturés,in
‘equilibrium with molecules in the gas phase. Instead we must pump out
the gas and cool the sample quickly to preserve the‘high temperature
chemiéal‘state. The second problem is the intricate sample fabrication
and mounting procedure required‘for sensitive temperature measurements;
Only very thin, low heat capacity samples can be used. A tiny resistance
thermometer with its electrical leads must be attached to each sample
crystal, and the thermal conductance linking the sample to its low
temperature heat sink must be carefully controlled.

Section A of this chapter describes the vacuum system, sample
chamber, and cryostat which achieve the low temperature and ultrahigh
vacuum (UHV) conditions required for infrared absorption spectroscopy
of clean surfaces: In Section B we discuss the fabrication and
mounting of thin A1203 single crystal samples used as substrates for
the evaporated nickel films studied in our .initial experiments.

Section C describes the rapid scan Fourier transform infrared

spectrometer which is the source of the infrared radiation. Section D
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discusses the data acquisition techhiques used to achieve high signal-

to-noise ratios on the absorption spectra.

A. Ultrahigh Vacuum Optical Cryostat

1. Cryostat

Figure 6 shows a vertical croés section éf the liguid helium
cryostat and sample chémber built for our experiment. The sample mount
is bolted to a liquid helium filled cold finger which extends into the
sample chamber. A cryostat built onto the sample chamber's top flange
supplies liquid helium to the cold finger and cools the radiation
shields within the sample chamber to liquid nitrogen temperature. A
minimum sample temperature of approximately 1.6 K is obtained when the
pressure of the liguid hélium is reduced to a few torr.

Quick sample access is achieved by disassembling the cryostat.
The vacuum walls and liquid nitrogen jacket are.removed first. The
4 %-" flange coupling the outer wall of the cold finger to a mating
flange on the sample chambér is then unbolted so that the cold fingef
and helium reservoir can be removed as a unit. These 4 %-" flanges
- operate at liquid nitrogen tempefature and isolate the ultrahigh
vacuum of the sample chamber from the less critical cryostat vacuum
space. An aluminum radiation shield is attached to the UHV side of
these flanges. Mounted on this radiation shield is a cyliﬁdrical
shutter which can be positioned‘to expose the sample to different
Vacﬁum feedthroughs mounted on the poits of the sample chamber.
Electrical leads from the sample thermomeﬁer pass up along the cold

finger and into the cryostat vacuum via feedthroughs in the 4 %~" flange.
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They then exit the cryostat through another feedthrough méunted.on_the
10" diameter top flange of the samplé cﬁamﬁer.

To cool the cryostat both the liquid nitrogen and liqguid helium
reservoirs are first filled with liquid nitrogen. Tﬁe radiation shieid
exteﬁding into the sample chamber takes several hours to reach its
equilibrium temperature. After thislthejliquid nitrogen is removed
from the helium reservéii. Threeftq ﬁouf liters of liquid'helium are
then required to cool and £fill the fﬁb li£er helidm containéi. Next,
the pump port is éonnected to a vacﬁ%ﬁ.Line and the'helium pressure is
reduced to a few torr. Typically the tréﬁsfer takes five minutes and
the pumﬁddwn another twenty minutes. Thérliqﬁid heliumrhold time after

pumpdown is approximately eight'ﬁours,

2. Sample Chamber

iﬁe hérizontal croés section of ﬁhe sample chamber is shown in
Fig. 7._;Tﬁé:séﬁple is méunted on the cold finger in a fixed position
at the center of the:eightﬂinéh diameter chamber and is surrounded by
radiaﬁidn.shields at liquia;hélium and liquid nitrogen temperature.
These cold surfaces block ﬁost of the‘rodm temperature thermal radiation
which would heat up the Sample énd make it less: sensitive to the
radiation incident through the iﬁfrared‘window. Access to tﬁe sample
by room temperature vacuum feedﬁhroughs is through 4 mm diameter holes
in the radiation shields. The cold shutter is positioned so that only
the.iﬁfraréd'pcrt is left open during séectral measurements. For most
experiments the thermal backgrodnd‘radiation hitting the sample is then
less than ﬁhe radiation incident from the infrared source in our

spectrometer.
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By surrounding the sample with radiation shields we reduce the
pumping speed in this region by orders of magnitude and expect the
pressure there to be much higher tﬁan that measured éutside the radiation
shields. After bakeout and with the cryo;taf at room temperéturé, the
gauge installed on a feedthrough port reads 1.5 X 10-10 torf. Near the
sample the pressure is'probably about lO_8 tor;. This pressure is
proportional to the outgassing_rate of the warm metal su;faces within
the radiation\shields. When the cryostat is'cooled to 77:K, the pressure
at the sample should be much closer to that read by the gauge. With
the cold finger at temperature 1;6 K, outgassing ceases, énd the only'
source of sample contamination is the direct flux of molecules incidént
through the ports in the ra@iation shields. Wifh‘qnly the-inffared
port left open, the solid»angle exposed to room temperature surfaces
is‘5 X 10"3 steradians.

The sample chamber has twelve symmetrically pléced feédthrough
ports sealed by 2.75" diameter flanges. Belowlwe givé a brief |
description of each of the 10 devices installed on theée feédthrough
pofts star;ing with the infrared Window and proceding clockwise in
Fig. 7. |

a. Infrared window. A one inch diameter, 4 mm thick KRS-5 window

fits into a seat machined in a blank flange. A metal ring bolts to the
flange and compresses the window onto an indium foil gasket forming a
reliable vacuum seal whicﬁ hashsurvived three bakeout cycles. KRS-5

is a composite alkali halide material (tﬁallium broﬁide—thallium iodide)

which transmits infrared frequencies greater than 200 cm_l. It has a
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relatively high insertion loss of 30 per cent due to dielectric
reflections, and the sealed window assembly has a clear aperture of
only 1.3 cm.

b. Film thickness tranéducer.' A Kronos model FTT-300 bakeable

film thickness transducer is installed adjacent to the evaporation
source to monitor the deposition rate for the metal films evaporated

on the sample crystal. The transdﬁcer element is a thin quartz crystal.
Its mechanical oscillation frequency is monitored by an external
circuit and shows é decrease proportional to the mass of the deposited

£ilm.

c. Water—cooled evaporation source. A cylindrical copper shroud
brazed to a double sided flange is installed on this port to intercept
most of the metal evaporated from the tungsten filament. Holes in the
shroud allow beams of metal atoms to hit the sample and the film
thickness transducer. Both the copper shield and the copper electrical
feedthroughs which support the filament are water-cooled and dissipate
a large fraction of the 500 wétts requiréd to evaporate a nickel film.
Heating effects still increase the pressure in the sample chamber from
lO-lo torr to 10"9 torr during the evaporation.

Electroplated tungsten filaments are used as sources for evaporating
nickel films. Approximately 2000 A can be deposited on the sample from
a single filament. Copper requires a much lower evaporation temperature

and has beenbdeposited from an A1203 crucible source which is heated

by a coil of tungsten wire.
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d. Viewport. This window is useful ‘for viewing the sample and in
determining the position of the shutter.

e. Molecular beam source. A gas cell formed on this port

provides a calibrated source bf moleéules for doping the sample
surface. The orifice coupling the cell to the sample chamber is a
0.24 cm diameter>hole drilled through a 0.32 cm plate and located 6 cm
from the sample crystal. A variable leak valve and ion guége allow

us toﬂacchrately control the cell pressufe; For pressures less than
1073 torr the mean free path of the molecules exceeés the cell
dimensioﬁs, and the flux through the orifice can be calculated in the
molecular flow lixﬁit.49 The result for the number: of molecules/sec
inciaeht on the sample per unit sample area is

P o
17 C :
= X —
FC 3.3 ;LQ . /ﬁ ‘ (11)

where Pc is the gas cell pressure measured in torr and W is the molecular

D . ' 3 .
weight of the incident particles. For P = 10 torr of carbon monoxide

13 molecules/sec cm2. A monolayer is

with W = 28, thé flux is 6.2 X 10
'formed from.roughly lOlSvmolec"ul‘es/cm2 so that thé deposition rate in
this ex;mpie is approxiﬁétély one mondlayer every“l6 secénds.

Whenever gas is introduced into the cell the pressure in the main
vacuum chamber rises and confributes an indirect flux of molecules to
the.total direct flux incident upon the sample from the gas cell orifice.
- With ;he cold finger at liguid helium temperature this indirect flux

is negligible due to the éryopumping action of the cold surfaces. If

the cold finger is at liQuid nitrogen/temperature, then many gases
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will not condense on its surfaces, and the pressure at the sample will
equal the system pressure Ps. From kinetic theory50 the flux of

Lo 2,
molecules incident upon the surface per cm™ is

' P
F_ = 3.5 X 1022 -2
T

where T is the gas temperature and PS is measured in torr. This flux
is usually comparable to the direct flux from the gas cell orifice so
both contributions must be included when estimating the gas exﬁosure.
Gases are introduced throuéh thé leak valve.from Matheson lecture
bottles connected to the appropriate system bf‘valvés and regulators.
When not in use the gas handling manifold is kept evacuated by a small
untrabped diffusion pump to reduce the level of contaminants present.
f. Ion gun. We use a Varian model 981-2043 ion bombardment gun
in our thin film studies to remove adsorbed molecules after recording
their infrared spectrum. A reference spectrum of the metal film
without the molecules can then be meésured. A background pressure
of 10—6 torr of argon must be introduced into the vacuum system to
provide a sourcé of ions for the gun. The sample temperature is
elevated to approximately 200 K during bombardment to prevent condensa-
tion of the arxgon gas.

g. Nude gauge. Varian model UHV-24.

h. Roughing valve. Granville Phillips model 204 gold sealed
'ultrahigh vacuum valve.

i, Electron gun. For heating the sample crystal we have built

a simple electron gunsl designed to operate with up to 20 A filament
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current and 3 kV accelerating voltage, Electrostatic deflection plates
adjust the position of the beam. Fof the measurements described in
this thes;s, sample‘temperatures neyer exceeded 450 K. In this tempera-
ture range resistive heating of the sample, desc;ibed in Sgction III-B,
was found to be more efficient and more.easily controlled than electron
bombardment heating. The filament of the electron gun did prove

useful as a light source when inspecting the sample through the viewport.

j. Shutter drive. A rotary vacuum feedthrough turns a gear which

positions the cylindrical shutter.

3. Vacuum Techhiqﬁes

The pumpiné station which evacﬁates the sample chamber consists of
a gate valve (Huntington model GVA—8005, a ;old trap (Granville Phillips
model 278), and a diffusion pump (Varian model VHS-6). A sofption
pump (Varian model 941-6501) reducés_the sample chamber pressure to a
few microns before the gatévvaIVe;to thé diffusion pump is opened. A
molecular sieve trap (Ultek model 232-1102) located between thé diffusion
pump and its mechanical forepumb prevents migration. of “the forepump
0il into the diffusion pump.

All the seals between ultrahigh»ﬁacuum and atmospheric pressure
are made with metal gaskets except for the Vitoﬁ sedled flanges
connecting the diffusion pump and cold trap. Within the ultrahigh
vacuum there is a viton O-ring whic¢h forms the gate valve seal. All
other materiais are either metals:or vacuum grade ceramics which have

been degreased and chemically cleaned using standard techniques.s2
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Bakeout of the system is accomplished by lowering an oven into
place over the sample chamber and gate valve and by wrapping the cold
trap with heater tape and fiberglass insulation. The procedure followed
is to heat thé cold trap to 70 C and the sample chamber to lOQ C for
one day. The trap is then allowed.to cool to room temperature before
filling it with liquid nitrogen. The sample chamber and valve are then
baked for two more days before removing the oven and beginning a series
of experiments. A pressure of 1.5 X 10-10 torr is maintained as long
as the liquid nitrogen trap is kep£ cold. The pressure drops to
9 x lO-_ll torr when the cryostat is cooled. The limit on the bakeout
temperature for the current sYstem is 155 C. This is the melting point
of the indium metal used in sealing thevinfrared wiﬁdow and in fabrica-

ting the sample assembly.

B. Sample Assembly

1. Design Philosophy

In our experiment the optimum sample assembly is one which is
sensitive to the smallest fractional change in the absorbed infraréd
power. A similar optiﬁizatiOn problém occurs in the design of
bolometers for the detection of infrared radiation in iaboratory’and

20,21 We show in Chapter IV that the sample's

astronomical experiments.
‘heat capacity and temperature should be as low as poésible. The
optimum value for the thermal conductance linking the sample to its
léw'temperature heat‘sink will then depend on the spectrometer's

modulation frequency and the amount of incident infrared power. In

addition to achieving a high sensitivity, the design must provide a
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convenient means for heating the sample, and it must allow access to
the sample by the various sample preparation feedthroughs described in
Section III-A. Finally:ail materials used in fabricating and mounting
the sample assembly must be low vapor pressure metals or ceramics
appropriate for use in a bakeablé ultréﬁigh vacuum system.
| Figure 8 is a simﬁiifiéa“drawing of the sample assembly used in

our experiments on evaporated nickéi‘félmé. Thewthiﬁfééii§ﬁ¢d A12O3
single crystal sﬁbsﬁrate_is mounted in a‘ﬁertical plane at the center: of
the séﬁplé c£ambef anébééééé»thevviewport éh0wn;in.Eig.MTg It is
rotated slightly towardithe infiéﬁéd window so that‘tﬁéxihf§ared beam
strikes the crystal.at ;n.éngle of\incidence 82° from ghe normal to ﬁhe
surface. In this orientation the ioﬁ gun,‘mqlecular beam séukce;~and
evaporation source all h;ve-access to the sample faéenwhich is -exposed
to the infrared beam. | |

The sample crystal is shown suspended betweeg pairs of>£hiﬁ
tungsten'WitésIWhiEh’are*anéﬁoréd to the cold surfaces of the sample
mount. Current can be passed through these wireé to resistively heat
the crysﬁél. 6n1§T300 mW of electrical power is required to warm the
sample from l¢6.K_th§OO K.. This apprpximatglyvtriples the liquid
helium‘conéumption by the cryostat, but for brief heating cycles the
effect on the total liguid helium hold time is small.

The gallium doped germanium thermometer crystal has dimensions
0.8 mm X 0.5 mm X 0.2 mm and a temperature dependent resistance .

R = 1320 exp(9.43/T) ohms for the temperature range 1.5 K to 2.0 K.

The copper electrical leads used to measure this resistance are brought



-46-

Al203 Substrate
4 mmx4 mmx0.125 mm

L

-7 8 ~Infrared
] " Radiation

Doped Germanium o

Thermometer

- 25 u Constantan
Thermocouple Wire

Copper
Signal Leads

to 1.6 K Heat Sink /N
25 p Tungsten Wires

XBL 786~5118A

Fig. 8.  Sample assembly for evaporated £ilm experiments.
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into qpntaq?rwith‘electrically insulated heat sinks Qn the sample”
mount beﬁqreﬁpassing out of the vacuum sys?em{‘ The lenégh and diameter
of the wires are chosen to prqducexthg optimum value of the ihermal
conductanqe petween the sample andvthe 1.6 K referénce temperature of
the cold finger. The constantan wire showp‘in Fig. 8 forms a thermo-
couple jupction with one Qf the copper sigpal»leads and measures the
samplg temperatﬁre during he;ting‘cycle;, |

2. Sample Fabrication

The sample assembly is fabricated in three steps. A pair of nickel
plated molybdenum contacts approximately 0.5 mm in diameter and 1 mm

apart are first formed on the A1203

substrate. Copper and constantan
electrical leads are then atﬁached to these»contgctsiusing_lead—tin’
solder. Finally, indium metal is used to cgnnec; ppposite‘gpds of the
germanium thermometer crystal to the two contacts. The meltipg point
of indium isg;SSJC, setting an upper_limit_gn the operating temperature
of this assembly. By replqcing the ;pw‘mgltiﬂg point solders with
appropriate brazing alloys or by'utiliziﬁg spot welds or compression
bonds, a s§mp1e of this type can be fapriggted for use at much highe£
temperatures.

To form the metallic contacts on the AlZO crystal we use a

3
standard process developed for metallizing cgramics.sé A paint
(Western Gold and Platinum #598) consisting of finely divided grains
of molybdenum and manganese is first applied to the crystal where

the contacts are to be formed. After the paint dries, the crystal is

placed on the tungsten boat of a vacuum evaporator and heated slowly
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to 1400 C in a hydrogen atmosphere. The temperature is'measured with
an optical pyrometer. After an'hour at 1400 C the sample is cooled
slowly to room temperature. The contacts are then sanded down to a
few microns thickness and appear bright and metailic. Before soldering
to the contacts.they must first be nickel plated. A relatively thick
electroplated deposit is made and then sanded down. The thinnest‘
possible layers of molybdenum and nickel aré used in order to minimize
the sample;s heat cabacity. |

The next assembly step is to soldexr the electrical leads to thé
outside edges of the nickel plated contacts. ‘A single 50 um diameter
copper wire is soldéred to one contact, while 25.um wirés of copper
and constantan are soldered to the other. These operations are carried
out while viewing the sample with a étereo microscope. The guantity
of»solder used is kept to a minimum.

Finally thg germanium thermometer is attached to theksubstrafe in
a position bridgiﬁg_the two cohtacts. The procedure adopted is to
fifst form indium contacts on the ends of the germanium crystal and
then solder it in pléce‘on the substrate. After cutting the germanium
-crystal to the desired size, it is etched for a few minutes.in a 5:1
solution of HNO3:HF and rinsed iﬁ methénol.’ It is then-'clamped on a
heatable ceramic stage and viewed undexr magnification. Tiny pieces
of indium metal are placed on opposite ends of the crystal. An |
airtight cover is then installed over the assembly stage.and flushed
with dry nitrogen to prevent heavy oxidation as thebcrystal is heated.

Above its melting point the indium forms a spherical bead without
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wetting the germanium. By elqvating the‘temperature,furﬁﬁer and
infroduqing a dose of HCl‘£¥bm"a gés dylinder, the indiuﬁ is made to

+ flow onto the crystal surface. Using the same tecﬁﬁi%ﬁe“apla somewhat
lower tempérétufe, the metallized germaniﬁm ié then bohdedvto the
nickel contacts of'££é éamplé c}yst;i;: Cafe is taken not to allow
mixing of the indium’éné lead~-tin solders becéuSé’alloy§;with_v
undesirable properties-may.form.

3. sSamplé Mounting

" The ‘mounting hardwaré piétﬁréd in Fi§:”9 consists of a stainless
steel sample holdér boltea to a two ‘inch di;meper copper baseplate which
is in turn bolted to the cold finger. The sample holder supports the
thin tungsten wires which suspend the sample crystal. One end of each
wire is attached to a .ceramic insulator forming an électrical terminai
for heating the samplé. A curréﬁf‘of”appfOXimately 0.4 A passed through
the supportkﬁires is necesgéfy to wa}m_thébsample"from liquid helium
temperature to room temperature. fﬁéﬁoppic;i baffles shown bdlted to
the sample mount are sect}ons $;';§zor1b1ades which mask the edges and
rear surfééeabf the sém@leffrgm éﬁé:inffafedibeam;‘ fhése baffles are
in direct contact with the’saﬁple~crystal bué do not éonﬁribute
suSStanfiéli§1;6.tﬁe totai tﬁermai~coﬁductancé béﬁ&een the‘sémplé énd‘
mounting hardware. i

.The rear viéw of the sample mount shows that the signal and
thérmoCouple leads from the thermometer crystal are soldered to
¢lec£rical terminals mounted on ceramic .heat sinks. The’ceramic is

metallized using the procedures described in the previous section and
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then soldered to the copper baseplate. The copper signal leads are
approximately 0.6 cm long and provide the‘largest thermal conductance
betweén the sample and tﬁé bésepiaté; 'The eléctriéél'COnnections to
the vacugmlfeedthroughs on ﬁﬁé’é %q" liquid nitrogen temperéture flange
(Fig. 6) éfé made wiﬁh thin-walled sections of sixteenth inch diameter
stainless steel tubing. These have,low,thermalugonductivéty and
Sufficient mechanical rigidity fb prevent vibrations, which are a source

of noise in high impedancéxélecfriéal circuits. -

C. Spectrometer

N

v"”In'ouf me;surementswwe'hayeiQSed an EOCOM 7001P rapid scan Fourier
’ tranéform spectrometer. Tne_principles'of Fourigr spectxoécopy have
’been reviewed extensively,54f$6 and only the essenéiai’aeﬁails‘&ili 5e
diécuésed here. The optiéai comp;ﬁents of the spectrométer, showé in
Fig. 10, include a Michelson iptg{fg;ometer, the apprbpfiate»inpu£ ahdl
output optics,'and a blackbody infrared gouréééi B?qad?béna;raqiatiOn
frbm the sourcé is filtered and collimated and then éiviaedminto two
beamsfby the beamsplitgér. :fﬂé Qévés interfere when they recombiné to
form the output béam which is focused onﬁo the sample by a lehs.
Inﬁerferéncermodulationé are produced in the output beam intensity
when the mirror in.ong"of the arms of ﬁhe interferometer is moved,
These modulations are characteristic of the sbedtruﬁ oféfhe radiation
in the beam. The interference pattern is called an interferogram,

and its Fourier transform is the infrared spectrum. The interferogram

has its maximum value when the two mirrors are at the same distance

from the beamsplitter and all the wavelengths interfere constructively.
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This is the ‘point of zéro optical path difference.:

A rapid-scan Fourier spectrometer translates the movable mirror
at a constant velocity v .and repeats a scan through the zero path point
every few seconds. For radiation‘of.wayelength A the electric field
amplitude of the transmitted radiation is modulated .sinusoidally and
goes through -a full cycle of constructive and destructive interference

in a time t such that vt = A/2., Its intensity modulation is given by

I « 1 + cos(4mvt/A)

Each spectral compornent of the infrared beam contributes an intensity

modulation on the interferdgram at the audio frequency
£=25 =2w - » (12)

wherelv is the infrared frequeney in cmfl. It also produces a constant
unmodulated basel}ne intensity.» The audio frequeney spectrum of the
interferogram giyes the %nfrexed spectrum of tﬁe detected radietion.

The major adventege of the rapid scan spectrometer in_our applica—
-tion:ie its ability to do long integrations automatieally_apd its
insensitiyity to low freqguency noise sources and drift.  The integrations
are accomplished_by‘averaging the interferograms produced‘by successive
scans of the spectrometex mirror. Because each scan 1asts only a few
seconds, the effect of slowly drifting signal‘ievele is only to shift
the scale of successive.spectra.

Separate light beams from a helium neon laser and an incandescent
bulb are directed through the EOCOM spectrometer along with the

infrared signal beam. The sinusoidal interference signal from the
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laser light determines the relative position of the moving mirror. The
zero path peak from the incandescent white light source provides a
refereﬁce signal at the beginning of each mirror scan. The length L

of fhe mirror scan determines the spectral resolutién 1/4L. The
ultimate resolution is 0.065 em ¥, The mirror velocity is variable
from 0.03 to 4.0 cm/sec producing modulation frequencies from 120 Hz

to 16 kHz for the infrared frequency 2000 em L.

Figure 11 shows the interference modulations near the zero path
mirrorvposition and the calculated infrared frequency spectrum for the
radiation absorbed by a nickel film covered with 2.7 monolayefs of
physically adsorbed carbon monoxide. The frequency speétrum is that
of the blackbody source as modified by the transmission function of the
spectrometer and the absorption spectrum pf the éample. The structure
observed between 500 cm_-l ahd 1400 cm—l is caused by phonon absorptions
in the A1203 sample crystal, These occur because a small amount of
. infrared power 1is incident on the unmetallized portions of thé sample.
Atmospheric water vapor absorption in the spectrometer reduces the
intensity of the incident radiation and causes the bands of sharp
structure centered at 1600 cm'-1 and 3800 cm—l. The spectrometer is
enclosed in a lucite box and flushed with dry nitrégen gas to decrease
the water vapor absorptions. TFurther improvement can be achieved by
sealing the box more tighfly and by maintaining the gas flow for longer
periods before measuring the spectrum. The peak in the ébsorption
spectyum at 2140 émﬂl is the carbon mohoxidevgignal. By subtracting the

spectrum of a clean metal surface, this molecular absorption can be
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CO molecules physisorbed on a nickel film.
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isolated from the other spectral features.

D. Data Acquisition and Analysis

Our data acquisition electronics must record the resistance of a
thermometer crystal at thoqsands of equally spaced positions of the-
scanning spectrometer mirror. The data from thousands of these mirror
scans must be averaged and stored for later analysis. Figure 12 shows
a block diagram of the system which performs theée tasks.

The thermometer resistance, typically 250 k§, is measurgd by
biasing it with a constant current and amplifying the resulting voltage
signal. The current is adjusted by varying the voltage applied to a
9.2 Ml wirewound resistor in series with the thermometer. To reduce
its Johnson noise,60 this load resistbr is kept cold by,mOUnting it on
the base of the liquid helium reservoir bf the cryostat. For the present
detector and optical syétem, bias currents of a few microamps produce
peak interferogram signals of appfoximately 25 mV. This signal is
amplifiea to 10 V by a low noise preamplifier (Princeton Appliéd Research
model 185) and pasSedvthrough an electronic filter (Kron-Hite model 3750)
to remove moduiation frequencies outside the range.of interest.

The sample clock signal from the spectrometer is a series of pulses
derived from the laser interference fringes. The pulsés begin when the
white light interferome;ér zero path signal is detected and stop when
the mirroi reaches the end of its scan. The arrival of a pulse indicates
that the infrared signal should be digitized. The output of the sample-
and-hold amplifier is thien held constant while fhe anolog-to-digital

converter (Phoenix Data model 1251) converts the voltage into a 16-bit



Bias 92 Ma

vy )Voitage

+—

Start

Sample
Thermometer < Infrared

# Interferogrdm

Sample
Clock
Signol

Scan

Spectrometer}219nal

 Ready|

Mini-

Computer|

Doto ? fDigiﬂzed

i | Bandpass
PreAm ~ Filter

Fig. 12. Data acquisition system.

Data

ADC

XBL78I2-6332

_LS_



-58-

binary number and stores the result in its output register. The ADC
accepts input voltages between -10 V and +10 V andbhas a resolution of
305 uv. The conversion requires 10 Usec and a DATA READY signal is
sent to the minicomputer (Digital Equipment Cérporation PDP11~20) when
the new data is available.

A limit of 4096 data points per scan is set by the size of the
computer memory. Because the noise on the dqta from a single scan
occurs in the last few bits of a 16-bit computer word, we must store the
accumulated result of many scans in a two word format. This is done
by adding successive intefferograms and using double precision
arithmetic to obtain a 32-bit result. Computer controlled data
acquisition is initiated by entering a teletype command specifying
the number of data points to measure in a single scan and the number
of scans to add together. The computer then uses the START SCAN
signals from the spectrbmeter and the DATA READY signals from the ADC
to synchronize the process of reading in and adding together the data
from successive spectrometer scans.

The minicomputer is programmed to do only single word Fourier
transforms so our double precision data must be tfuncated to 16-bit
accuracy for on~line analysis. The 32-bit data are recorded on tape
éndbtransferred to a CDC 7600 computer, which does 64-bit arithmetic,
to produce more accurate spectra. The 4096 point‘interferograms
recorded in our experiments contain 700 points before the zero path
mirror position. Two sided amplitude Fourier transforms66

are used to calculate the frequency spectrum. The on-line computer is
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. also programmed to calculate the rms noise spectrum of an electrical
signal making it possible to accurately determine the noise contributions

from different elements of our system.
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IV. SYSTEM PERFORMANCE

A érimary goal of our experimentsvis to study hydrocarbons
chemisorbed on metal surfaces. These molecules have smaller peak
absorptions than carbon monoxide, and further improvements in our sensi-
tivity arebrequired to detect them in small surface concentrations. In
‘this‘chapter we present a detailed quantitative analysis of the per-~
formance and limitations of our experimental apparatus in its preéent
state. The measured properties.of our nickel film sample serve as a
numerical example. We develop an expression for the fractional noise
on an absorption spectrum as a function of the different experimental
variables and use it to predict the sensitivity of experiments

involving different sample heat capacities and different infrared

/
/

frequency bands. The principal findings are that excess noise from
the spectrometer, digitizing electronics, and thermometer. crystal
presently limit our sensitivity. It should be possible to reduce these
noise contributions and to approach the fundamental photon noise limit

giving us a factor of 10 improvement in sensitivity.

A. Optical System

Both the signal and noise levels in our thermal detection scheme
depend on the amount of infrared power incident on the sampié. The

total power P is the sum of three terms

P=P 4+ mP + P
s ] b

where Ps is the unmodulated componenﬁ‘of the spectrometer output beam,

and Pb is the thermal background radiation from room temperature surfaces
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ﬁhich leaks through the radiation shields and stxikes the sample
crystal. The term mPs.is the peak interfergncevmodulation produced by
the spectrometer. It is presént only when.the mirror passes through
its zero path position. The modulation factor m has its maximum value
of one for a perfectly aligned interferometer. |

Figure 13 is a‘schematic diagram of the Optiéal'éystem, The
spectrometer has 5 cm diameter optical components, ahd the input
collimator is a 23 cm focal length parabaloidal mirror pictured as a
leng. The output beam is focused onto ‘the sample by a”4ivcm focal
length KRS-5 infrared lens. The angle of incidence ¢f= 82° is close
to the vaiue for which adsofbed molecules produce fhe maximum fractional
absorption chahge. The sample écCepté radiation from the spectrometer
within a cone of half-angle Yy = 2.3°. This angle is defined by the
1.3 cm diametérvvécﬁum window positioned 16.4.¢m from the sample and by
the 4 mm diameter aperture in the liquid nitrogen temperature radiation
shield located 5 cm from the sample.

The total unmodulated signal power at the spectrometer output,
measured with a calibrated thermccouplé'deteétOr (Scientech model
360001), is P, = 16 mW. For a blackbody source of area Ay and
temperature Tskthe power emitted into a cbne of half angle ¢ in the
forward direction is

P = 0T54 A sinz'a

1

where 0 = 5.67 X 10-_2 W/K4 cm2. Using the estimated temperature

T = 1300 X, the source aperture diameter of 0.64 cm, and the collection
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angle o = 6.2°, we calculate P = 61lmw. Tﬁis is four times the measured
output power and indicates that the spectrometer efficiency is roughly_
25%. Using the 0.64 cm source aperture and detecting the entire
infrared spectrum, the spectromefer's modulation‘factbr is found to be
m = 0.44. Valﬁes approaching one are obtained only if we filter out
short wavelength radiation and reduce the source aperture to eliminate
off axis rays.

Next we estimate the fraction of the available infréred pover
which is incideﬁt on the sample; With the focusing lens removed, the
beam'divergence angle B is less than the samplé's acceptance angle Y.
The power hitting the sample should then be the toﬁal power of 16 mW
reduced by the ratio 6f the sample area to the beam area. An additional
attenuation factor of 0.7 must be included to accouﬂt for the dielectric
reflectioh'IOSSes at the KRS-5 infrared window. We estimate that a
4 mn X 4 mm sample mounted at an angle of 82° tovthe beam will intercept
13 UW of power. Of this only 6.5 uW is polarized parallel to the
plane éf incidence>so that it cah interact with the surface layer. The
obserﬁéd‘signal increases by a‘factor of 2.5 when the lens is installed
in the output beam. The total infrared power incident on the sample
in each polarization state is therefore 16 Hw.

The optical system of Fig. 13 uses only 0.2% of the total power in
tﬁe spéctrométer beam. An improved optical systembwith an 8 cm focal
length lens mounted between the vacﬁum window and the radiation shields
has been désigﬁed for future use, With this.lens twenty times more

power can be focused on the sample if the radiation shield apertures
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are widenea to allow an acceptance angle of‘9°.

The thermal background power Pb is estimated to be several
microwatts in the present optical system with the cold shutter blocking
all but the infrared port. Some of this power arrives at the sample

after making multiple reflections from the surfaces of the shutter

and radiation shields.

B. Absorption Signal

1. Small Signal Calculation

Energy conservation requires that the temperature of our sample

assembly obey the equation

. ar _ 2mift, - 2_ AT
C At + G(T TH) = n(—Ps+Pb+Pfe ) + I Roe . (13)

The left hand sidé is the power required to raise a body of heat
capacity C to a temperature T greater than the heat sink temperature
TH' Power flows from the sample into the heat sink th?ough a thermal
conductance G. In our sample assembly G is determined by the thermal
conductivity and dimensions of the thermometer's electrical leads.
The right hand side of the equation gives the total power dissipated

in the sample. The incident source power PS and thermal background

were estimated in the previous section. P_ is the component

power P £

b
of the total spectrometer power modulated at frequency £. Its integral
over frequency gives mPS. The sample absorbs a fraction n of the
incident radiation. = In Chapter II we considered the dependence of n

on the properties of the metal and surface layer. The final term in

Eqg. (13) is the joule heating in the thermometer crystal which has a
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A/T

temperature dependent resistance R = Roe and is biased with a current

I from an external circuit.
Writing the temperatufe as the sum of a constant and a modulated -
“term .

T=T 4T e2“lft

£

A/T

and,expanding the exponential e "to first order in T-To, we find

that To and T, obey the equations

£

’ 2 A/To
_G(TO—TH) = n(P-s+Pb) + I Roe {(14)

) "Pe
Tf = 5 .

1 ROA A/To
G + 3 e + 2mifC
T

o

For low frequehcies and bias currents the modulated temperature change
Tf is the absorbed power nPf divided by the thermal cohductance G.
The amplitude of the temperature change decreases at high modulation

frequencies falling to l//E'of its DC value at the thermal relaxation

frequency
f = -, (15)

where we have defined an effective thermal conductance

2
I ROA A/TO
) e .

(e]
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The signal voltage is the product of the bias current with the

resistance modulation which arises. from T Keeping only the first

£

order terms in T_, the voltage amplitude is

fl

Vf = Sf nPf . (16)

The responsivity S_ relates the signal voltage to the absorbed power

£
nPf and is given by
A/
IR Ae ©
S = . ‘ (17)
2
£ T, G (1+J‘32/f02)l/2

It is largest at low temperatures and for small thermai conductances.
It increases with I for low bias currents and then falls for large I
when the joule heating becomes excessive. ‘Samples with large heat
capacities have small relaxation frequencies and will not respond to
fast infrared power modulations. To increase their frequency response,
G musf be made larger, and this reduces the signal amplitude. The
sensitivity and frequency response required'to detect surface absorptions
can only be obtained at liquid helium temperature where heat capacitieé
are much less than their room temperature valués.

We have kept only first order terms in the derivation of the
signal voltége and the resﬁlt is Va1id only for small signals such
that Tf << Toz/A.‘ For the data points recorded very near the
spectrometer's zero path position, the changes in the absofbed power
Ap = mnPS are too large fo;%ﬁpis cquition to hold. A more accurate

expression for the signal vdltage fakes the form

.0
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V= SAP + s'(AP)2 + s"(AP)3 + ... .

‘The nonlinear terms generate sum and difference frequencies on the
“detected signal for every combinatioh of frequencies present in the
moaulated spectrometer beam. The computed infrared spectrum can
therefore contain false signals in regions of the spectrum where no
absorption is expected. We do in fact observe such signals and their
relative magnitude increases with applied power as expected.

The spectrumvof the.signal produced by detector'nonlinearities.is
flat and éontains none of the high resolution structure of the linear
signal. This is because appreciable nonlinearities only occur very
close to thé zerb path mirror position, and this effects only the low
resolution features of the computed spectrum. High resolution features
such as the atmospheric water vapor absorptions seen in Fig. 11 can be
detected only if data a¥e recorded far from the zero pa;h point. In
this fegion the response is quite linear.

2. Numerical Results and Measurement Procedures

Numerical values for the parameﬁers which determine the signal
amplitude in Eq. (16) are listed in Table 2 for the thin nickel
film sample assembly used in our experiments. A few simple measure-
ments are sﬁfficient to obtaiﬁ'thése approximate values.

The sample assembly is first immersed in a bath of liquid helium
to calibrate its thermometer resistance. The bath pressure is reduced
to produce the necessary range of -sample temperatures. Betﬁeen 1.5 K

A/t

and 2.0 K values of R0 and A in the formula R = Roe can be chosen to

accurately fit the measured resistances. The calibrated sample assembly



~68~

Table 2. Sample Parameters

= 1320 Q
= 9.43 K
= 1.688 K
= 2.0 UA
= 13 (T_+T,)/2 = 23.8 UW/k
=.RoeA/T° = 154.2 k§2
= 1.955 K + I°R/G = 1.981 K
= 0.69 UW
= 5.6 UW
= 265 Hz
| 8

=1.5 x 10 ~ J/K

4
%
- 2.9 10 v/

(l+f2/f02)1/2

= 500 Hz

= 0.29
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is then installed in the sample chamber and cooled to 1.6 K for the
remaining measurements. |

. With.all the feedthrough ports blocked by the cold éhﬁtter, the
radiation incident on the sample is negligible and the measured sample
temperature équals the heat siﬁkAtemperature TH.V We use a 0.1 PA bias
current.in measuring the thermometer resisfance and ignore an increase
in the sample temperature of approximately 101—3 K caused by joule
heatihg.

For larger bias currents the temberature change due to the bias
current cannot be ignored;'and ité hagnitudé gives usvan estimate of
the thermai conductance G. With no incident radiation Eq. (14) reduces
to |

o °H %;’ - TETG%EE;T - Ty 48

AT,

where V = IROe is the voltage measured across the thermometer

crystal. For‘the_copper electrical leads which dominate the thermal

‘ , 58
conductance, we expect the linear temperature dependence G = GlT.

Since the conductivity varies with temperature along the length of the
wire we substitute the average value G = Gl(To~+TH)/2 into Eqg. (18)

and find

G. . 2
Iv= = ¢ ——?;fl————- - % .
1n* (V/IR )

With our measured values of Rb' A, and TH we can calculate Gl for

‘each pair of measured currents and voltages. The result is found to

increase with current and approach a constant value Gl = 13 uW/K2 for
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currents greater thah-S MA. For low currents Gl approaqhes zero, and
this indicates that our model of the thérmal detection system is
incomplete; It is thought that the thermometer resistance should
include a current dependent contribution from the electrical contacts
as well as a teﬁperature dependent term from the germanium_crystal.
This contact resistance is only important a£ low bias currents and

prevents us from accurately measuring G, in this range. The published

1
thermal conductivity of the oxygen free high conductivity copper'used
for the thermométer's electrical leads is 1.3 YW/em K at T = 2 K.59

This gives a value for G, of 17 uW/K2 which is in satisfactory

1
-agreement with'our measurement.

The measured sample temperature rises from 1.688 K to 1.719 K
when the infrared port in the radiation shield is opened and to 1.955 K
when the unmodulated spectrometer beam is turned on. Using our value
for G at these temperatures we calculate that 0.69 UW of thermal
background radiation and 5.6 UW. of infrared power from the Spectrometer
are absorbed. These are the valués quoted for nPb and nPS in Table 2.
The operating température TO = 1.981 K.for bias current I = 2 YA is
found by adding a joule heating contribution IZR/G to the temperature
measured at I = 0.1 UA in the presence of the infrared beam.

Finally we determine the thermal relaxation frequency fo by
placing a rotating chopper blade in the infraréd beam and measuring the
amplitude of the sinusoidal absorption signal as a fpnction of
modulation frequency. We choose a value for fo in Eq. (17) to fit

the measured signals over the frequency range 50 Hz to 700 Hz. Our
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values of fo end G then determine the total sample heat capacity
C=G'/2mf = 1.5 X 1_0'8_ J/K.

‘ By estimating the volume of each material in the sample assembly
and using published heat capacities, we obtain a value of C which
is almost twice as large as our measured value. This suggests that
the measured value of Gl may be too small. As:a final test of the
consietenéy of our measurements we calculate the sample's average
absorption coefficient n = 0.35 from the measured value nPS = 5.6 UW
and the estimated value of incident power PS % 16 UW. Figure 3a shows
that this is the approximate value of N expected for nickel in the
frequency bahd above 2000 cm_l which includes 80 per cent of the
radiation from our blackbody source.

The responsivity S calculated from the measured values of Rb'

£
A, 1, TO, G, and fo is 2.9 X lO4 V/W at. low modulation frequencies and
falls to half that value at about 450 Hz. For our spectra covering
the infrared frequency range 0-4000 cm—l we use a mirror velocity of
0.12 em/sec>whichvproduces modulation fregquencies from 0 to 1000 Hz.
We take 500 Hz as the averaée modulation freduency of our spectrum and

calculate the interference signal V as if all the light were being

500
modulated at this frequency. The modulation factor m = .29 is a third
less than the measured value m = .44 because a third of the infrared

radiation from our source lies above 4000 cm“l (1000 Hz) and is
electfonically filtered from our.signal. The calculated signal of

22 mV agrees with the measured signal voltage.
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C. Random Noise Sources

To predict the sensitivity of our detection scheme, we need to
know the amplitude of ﬁhe noise which accompanies the signal voltage
calculated above. Table 3 lists seven noise sources which are present
in the systém and gives ;he functional form of the mean square voltage
for a one hertz detection bandwidth. The rms voltages are calculated
from the numerical values in Table 2. They tell us the relative
magnitudes of the different noise contributions for the detector and
electronics described in Chapter III. Not included is noise introduced
on the infrared signal by the spectrometér. This is discussed in
Section IV-E.

The fundamental noise sources in Table 3 are inherent in a system
which uses a resistaﬁce thermometer to detect power fluctuations.60
The Johnsbn noise term gives the amplitude of the thermally induced
voltage fluctuations present in any resistance R at finite temperature
To' The thermal conductance noise arises from the mean square power
fluctuations of magnitﬁde 4kT§G which occur when a body is coupled to
a heat sink.by a thermal conductance G. We multiply the expected power

fluctuations by the responsivity S_ to find the noise voltage.

£
The radiation incident on the sample also fluctuates, and this
accounts for the photon noise terms in Table 3. The standard results60

for the power P and rms power fluctuations AP emitted in the forward

direction by a blackbody source of area A are:

amam? X2 K ‘
Pt T o3 x, &
c h X e -1
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Table 3. Noise Sources

Fundamental Mean Square RMS Voltage

Noise Sources Voltage _ . (nv/vHz)

Johnson 4kT R . V., = 4.1
A _ o ' , nj

Thermal Conductance : _ 4k T 2 G 52 ‘ V.= 1.0
o b nG

Source Photons . 8KT NP M_ S- V. =10.4
s s s f - co . ns

2 , B
Background Photons . 8ka Pb Mb Sf _ , _ an = 2.1

Excess Noise Sources

2
Thermometer 7.8 x 1071 T v, = 25.8
£(1+2.7 107 °17)
Amplifier 9 x 1071® 4 2.5 x 1073 £2? v = 3.0
(s gmnp ) °
. s . -10 s
X L —— =

Digitizer 4.65 10 - Vnd 21.3
Total Noise . VN = 35.5
Numerical Values 'To = 1,981 K Ms = ,73 I =2.0 ua,

R = 154 kO nPs‘= 5.6 UW m = .29

‘G = 23.8 UWW/k gb = 1.0 Sg = 1360 V/W

T, = 1300 np, = .69 W f = 500 Hz
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5 X. 4 x
(AP)2=9.A_5.2_§L<L§1_ [? xe 4y
X 2
c’h xl (e”=1)

where £ is the solid anglé collected from the source, ¢ is the speed of
light, and h is Planck's constanﬁ. The integration variable is

x = hvc/KT where V is the infrared frequency in cm-l. The integration
limits corréspond to the upper and lower frequency limits of the

radiation being measured. Combining the two equations we get

(A?) 2. 8kTPM

where
xH x4 e
dx
be 2
X (e"-1)
M= xH 3 .

4 [ 7= ax

xL e -1

In this chapter we evaluate the sensitivity of absorption spectroscopy
in the two infrared spectral bands 0-1000 cm * and 0-4000 cm . For
the low frequency band the integral has the valué Ms = 6.36 for the
source radiation and Mb = 0.77 for the room temperature thermal
background_radiation. For the high frequency band we get Ms = 0,73
and Mb = 1.0, Radiation from the cold surfaces in the sample chamber
contributes very little to the photon noise, so we have not included
the additional terms in Table 3.

The fundamental noise sources determine the ultimate limit to the
sénsitivity of our experiment. 'In the present system excess noise from
the thermometer element and the digitizing electronics preveﬁt us

from reaching this limit. Figure 14 shows the'measured audio frequency
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noise spectrum of the thermometer signal for two different bias
currents with no radiation incident on the sample. For I=0 the

responsivity S_. vanishes, and the Johnson noise and amplifier noise

£
produce a frequency independent noise spectrum. Sharp peaks at the
harmonics of 60 Hz measure the amount of electrical pickup from AC
power lines. For I=2 JA a frequency dependent noise appears. 1£ is
too large to come from any of the fundamental eources so we conclude
that ﬁhere is an extra noise mechanism associated with current flow
through the thermometer or its contacts. The'embirical expression in
Table 3 for the mean squared thermometer voleage noise is accurate.to
about 30% for the range of currents 0-10 YA and resistances 0.1 to
0.5 M encountered in our experiments with this detector.

To the noise voltages on the detector signal we must add
contributions from the amplifier and digitizing eleetronics shown in
Fig. 12. Our expression for the amplifier noise in Table 3 is the
equivalent input noise for the PAR 185 preamp. It fits the published
noise data61 for the frequencies ahd resistances of interest. The
amplifier gain is set to the value lO/Vf to give a 10 volt output

signal when the input signal has its peak value V_ = mnPsS

£ £

To determine the effect of the sample—ana—hold amplifier and
analog-to~digital converter (ADC) on the noise level, we reduce
the input signal to zero. The computed noise spectrum then approaches
a constant value, ihdependent_of the input signal, which we call the

digitizing rnoise. Each point in the digitized data record is uncertain

by approximately 305 UV, the voltage resolution of the ADC. In effect
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the ADC has added a random ﬁoise voltage of rms value 305 W and band-
width Af to the input signal.  The frequency spectrum of this excess
noise should then be flat and have magnitude 305/VAf uv/vHz. The
measured spectrum in the absence of an input signal confirms this
simple picture of ADC noise. To cpmpaxe it with the other noise
voltages, which were all evaluated at the ihéut of fhe preamplifier,

we divide this digitizing noise by the gain and get

30.5 mP_S_ | -
AY) = UV//I?I;-

nd /E—f

If the infrared_frequencies of interest are modulated at frequency £,
then we typically detect a band of frequencies of width Af = 2f. Our

formula for the digitizing noise in Table .3 is for this case.

D. Calculated Noise

In Chapter II we calculated the fractional change in the absorption
signal produced by different surface coverages of carbon monoxide
molecules. To estimate the minimum detectable covérage we now derive
an expression for the fractional noise on an absorption spectrum.

Consider a spectrum covering the-inffared band 0 to 2V where Vv
is the ffequency of primary interést. A rapid scan Fourier spectrometer
will modulaté this radiation at audio fxéquencies from O to 2f where
f = 2w ana v is the mirror velocity. Wé use‘the average modulation
freéuency f to calculate tﬁe ?eak.interferogram vbltage Vf = mnPSSf
which is a measure of the total power in the infrared beam. If this

power is distributed uniformly over the spectrum, then the signal

- voltage in the narrow frequency band Av is Vf Av/2v. The noise in
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the band is VNVAf, where VN is the sum of all the noise terms in

Table 3 and Af = £ Av/v. The fractional noise on the spectrum is

o - W Yy T
- Ve Av/2v T Ve VI

This noise increases as we decrease Av and look for high resolution
features. It also increases with modulation frequency because for high
mirror velocities less time is spent measuring an interferogram. Taking

and noise V_ from Tables 2 and 3 and using f = 500 Hz,

the signal Vf N

Vv = 2000 cm_l, and Av = 2 cm—l, we calculate a fractional noise of
0.0023 for a single spectrometer scan.

To improve the sensitivity we average many interferograms before
calculating the frequency spectrum. The time required for the spectro-
meter mirror to complete a cycle of motion and produce a new interfero-

gram is

where I is the distance traveled by the mirror, v is the mirror
velocity during data acquisition, v' is the velocity in the reverse
direction, and tr is the time required to chanqiidirections twice.

In Fourier spectroscopy the scan length L rqqufred for a spectral
resoluﬁion Av is L = 1/4Av.54 Using this eXpreSsion and the measurédv

values v' = 2 cm/sec and tr = 0.8 sec we get

oy 1
= b 4 = + O, .
ty = ZavE T 8Ay T 0-8 sec
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In a one hour measurement the number of interferograms accumulated
is 3600/ts, and the noise is reduced by the square root of this

number. The resulting expression for the fractional noise is

' 1/2
N '(f\)ts) _ VN\) (4\)+f+6.4f Av 1/2
30V, Av ) ’

F = (19)

In our numerical example 1900 interferograms are averaged in an hour
and the fractional noise is 5.2 X lO-'5 or 52 parts per million (ppm).

The independent parameters eﬁtering Eg. (19) for the fractional
noise are Rb' A, T-

, C, G, n, P PS} m, I, £, v, and Av. For each

H b’
set of variables, Eq. (14) is first solved for the operating temperature
of the sample, and then F can be evaluated from Egs. (16) and (19) and
the formulas in Table 3. For even a single set of parameters this is

a lengthy procedure. We therefore resort to computericalculations

to systemaﬁically vary the parameters and minimize the fractional

noise for a particular experiment.

There are two important limiting cases in which the fractional
noise is independent of the properties of the sample and therefore easy
to calculate. Table 3 shows that the digitizer noise is proportional
to the modulated infrared power mnPs. For sufficiently large signals

it will be the dominant term. Ignoring all other contributions we

find that the digitizing noise limit is



=80=-

Again we use v = 2000 cm“l, Av = 2 cm_l, and f = 500 Hz and find that

the fractional noise is 31 ppm. If excess noise from the thermometer
and electronics can be eliminated, then for large infrared signals
source photon noise will be the only important term. The source noise
limit is

_ .096 kTsMsf\)ts 1
s m nPs Av

and is 15 ppm in our example. In Section IV-A we noted that improved

optiéal efficiency could increase the absorbed power by a facto? of

20 to approximately 100 uW. The source nbise limit is then 3.5 ppm.
Our computer calculations using all the noise contributions in

Table 3 show that the presént detector is hearly optimum for an experi-

ment with 5.6 uW of absorbed power in the spectral band 0-4000 cm—l.

I1f the absorbed power increases to 100 YW the thermal coﬂductance

. 2
parameter G, must be raised from 13 to 500 UW/K~ to keep the sample

1
cpld and to minimize its fractional noise. This power level is
adequate to achieve the digitizing noise limit of 31 ppm. If excess
noise from the thermometer and electronics are eliminated, the source
noise limit of 3.5 ppm is approached. This high thermal conductance,
low heat capacity sample has a relaxation frequency fo = 13 kHz which
is 20 times larger than the modulation frequencies produced by the
spectrometer. If we increase the sample's heat capacity fo 10_6 J/K,
corresponding to a 30 pm thick nickel crystal, then the relaxation

frequency drops to 200 Hz. The total noise is then only 10 per cent

larger than for the present low heat capacity sample. This demonstrates
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that the thermal detection teéhnique is noﬁﬂlimited to thin evaporated
film samples, ‘A nickel sample 30 um thick can probably be ground from
a thicker single crystal. Thinner single crystals have been grown
epitaxially on alkali halide substrai;_es.62’63

In Chapter II we found that infrared absorption by a nickel sample
is smallest in the spectral regionlbelow 1000 cm—l, and it is here that
the absorption technique has its greatest advantage over refléction
spectroscopy. = Our calculations show that fof 2 UW of absorbed power,
a2 cﬁil_resolution, and -a 30 um thick sample, the total fractional
noise is 35 ppm. The SQnsitivity is virtually the séme as in the high

frequency band in spite of the fact that only five per cent of the total

, . -1
infrared power from our source lies below 1000 cm

E.  Measured Noise

Our estimates of the sénsitivity of absorption spectroscopy have
so far included only those noise sources known from theoretical arguments
to be present or those actually observed on noise spectra measured with
the spectrometer modulation turned off. In the presence of spectrometer
modulation there may be additional noise, and the only way to detect
it is to compare noise levels on the measured absorption spectra with
"the predictions of the pievious section.

Our data analysis program, in addition to computing and plotting
each spectrum, calculates the average signal and the rms deviations
fom the average for a specified band of frequencies. The absorption
spectrum of Fig. 11 shows that the vériations will be large in spectral

regions where there are atmospheric water vapor absorptions or other
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structure on the transmission function of the spectrometer. Focusing
on the spectral region 2400-2500 cm-l, where the structure is smallest,
wé find.after subtracting away the slope that there remains a fractional
rms variation of approximately 500 ppm on a typical spectrum measufed
with a resolution of 2 cmnl. Some of this structure is reproducible
and cancels when a reference spectrum of the clean metal surface is
subﬁracted. The lowest rms noise observed in a difference spectrum
was 87 ppm. " Usually however, it was several times larger and often
it increased or decreased monotonically in a sequenée of spectra recorded
on the same day. The random component of the noise on the signal and
reference spectra is less by a factor /2 than what we measure in their
difference. Our hest spectfa therefore had rms variations of about
62 ppm of the baseline signal, and this is iny slightly iarger than
the estimate of 52 ppm made in the previous section. We attribute the
additional noise to instabilities in the output signal of the spectro-
meter. In the Quietést spectra these instabilities contribute a noise
voltage which is only a fraction of the total noise célculétéd from
Table 3. However in most spectra the spectrometer noise is larger and
is the factor which limits the sensitivity of an experiment.

Some of the structuré in the fregquency spectrum of the spectrometer
signal may be interference effects caused by multiple reflections in
the beamsplitter aﬁd other optical éomponents. Variations in this
structure will occur if the optical alignment is sensitive to slow
temperature changes or to vibrations. This could account for some of

the observed noise. More experimentation will be required to determine
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the exact source of the excess spectrometer noise and to reduce it to

a consistently low level.

F. Sensitivity of Absorption Spectroscopy

The peak~to-peak Qariations on our measured spectra are roughly
four times larger than the calculated rms noise. An ébsorption line
must therefore have a péak amplitude of about 350 ppm to be detected
in a difference spectrum having an rms noise of 87 ppm. The calculated
and measured peak height for a moﬁolayer of randomly oriented, physically
adSofbed CO with a' 6 cm-1 1inewidth was shown in Chapter II to be about
2.5 per'cen£ of the background absorption'by the nickel film. This
‘is 71 times larger than the minimum detectable éignal; Chemisorbed
CO_moleculesvare oriented perpendicular to the surface, and we show
in Chaptér V that their infrared absofption appearsrﬁo be enhaﬁced by
the interaction with nickel atoms. Both factors léad to a larger total
signal, however the abéorption»by chemisorbed molecﬁles is spread
between several broader spectral lines so that thebpeak height and
signal-to-noise ratio are comparable to those obsé:véd for physically
adsorbed molecules.

The signal and noise émplitudes discussed‘above are expressed as
a fraction of the background absorption signal from the metal surface.
To compare them with the amplitudes reported in reflection spectroscopy,
we multiply by the absorption coefficient ;f the metal énd express them
as a fraction of the total inéident radiafion. ’The éalculated.absorptiﬁn
by a cold nickel film at an angle of incidence of 82°, a frequency of

-1 ‘ s . .
2000 cm ', and averaged over the two polarization states is shown in
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Fig. 2a to be about 0.15 of the incident power. Tﬁe.lowest peak-to-
peak noise level.seeﬁ in a difference spectrum therefore corresponds
to an absorption of 53 ppmlof the unpolarized incident beam.. The best
published infrared reflection spectra of metal surfaces are those of
Bradshaw and Hoffman,64 and.they show peak noise levels of approximately
200 ppm or larger. These spectra appear to have been>reCOrded more
quickly than ours but at lower resolution and over a narrower band of
frequeﬁcies. Direct comparison of the sensitivity in the two experi-
ments is therefore difficult. However, the potential of the absorption
ﬁechnique is clearly demonstiated; In the early stages of its develop-
ment, it has produced vibrational spectra of metal surfaces with greater
sensitivity, higher resolution, and a broader bandwidth than any previous
>infrared measurement.

The first priority in the future developmeﬁt of our apparatus is
to stabilize the intensity and épectral characteristics of the radiation
. incident on the sample from the spectrometer. The sensitivity will
then be‘limited by the tﬁermometer and digitizing noise. We believe
that the excess thermometer noise can be reduced by improving the
electrical contacts to the germanium crystal or by using thermometer
elements of another type. 'Digitizing noise can be reduced by switching
the amplifier gain to a larger value after the interferogram signal
has passed through its maximum amplitude at the position of zero optical
path difference. Elimination‘of all the excess noise sources was shown

in Section IV-D to reduce the total noise by a factor of 10.
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V. EXPERIMENTS ON NICKEL FILMS

A. Chemically Adsorbed Carbon Monoxide

In this section we present a series of infrared spectra Qf evap-
oreted-nickel films which show how the adsorption state of carbon
monoxide changes with temperature and eurface coverage. For small
CO concentrations our results are consistent with recent electron energy
loss and infrared spectra of room temperature single crystal samples.

By extending our measurements to lpwer temperatures and higher coverages
than have previously been studied, we observe eew‘effects which demon-
strate the importance of repulsiﬁe.forces between neighboring molecules
in determining the distribution of molecules among the available
adsorption sites.

1. Experimental Procedures and Results

The_qonstruction and mounting of the sample assembly for metal
filﬁ experiments end the design of tbe evaporation source are described
in Chapter III. The films studied must be several thousand angstroms
thick to prevent infrared radiation from being transmitted to the
strongly absorbing A1203 substrate. Approximately 2000 A of copper
were first deposited from the crucible source. ‘The nickel plated
tungsten filament source was then installed in the vacuum chamber ana
thoroughly outgassed before baking the system and beginning the series
of infrared measurements described in this chapter.

For. each experiment on chemisorbed carbon monoxide a thin n%ckel

film was first evaporated over the existing thick deposit. The evap-

oration was begun with the cryostat at liquid nitrogen temperature
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and the system pressure at 9 X 10-ll torr. The filament was heated
over a one hour period to the evaporation temperature. During this
interval the sample was masked by the cold shutter and could be main-
tained at any temperature betweeh 77 K and 400 K by adjusting the heater
current. Five minutes were required to deposit approximately 200 A

of nickel on the sample. The system pressure during the evaporation
rose to 10—9 torr. The.pressufe increase at the position of the sample
was probably smaller since this region is screened from the heated
surfaces of the evaporator by'cold radiation shields. When the evapora-
tion ended, carbon monoxide gas (Matheson, 99.5% purity) was immediately
introduced through thé léak.valve to maintain a constant system pressure
on the order of 10-5 torr. ‘The liquid helium transfer then began.

Aé soon as the cryostat temberature dropped below 77 K, the leak valve
was closed to end the gas exposure, and the sample heater was turned
off. The system pressure then decreased immediately to 10—9 torr and
over a period of hours to lo—lobtorr.

By maintaining a high.CO gas pressure auring the five minute
interval between the end of the evaporatién and the beginning of the
liquid helium transfer, ﬁe achieve a high equilibrium surface coverage
of carbon moﬁoxide. The gas is pumped out as the temperature of the
cryostat begins to drop in order to prevent multilayef condensation
which occurs on surfaces below 40 K. When the heater is turned off,
the sample cools to 77 K in a few seconds and reaches liquid helium
temperatures a few minutes later. Desorption and surface diffusion

rates for adsorbed molecules fall very rapidly as the sample temperature
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decreases,: The chemical state formed on the sample surface during
the gas exposure therefore changes very little during the helium
transfer and not at all during the infrared measurements made at 2 K.
Figure 15 shows four infrared spectra of a nickel film evapofated
and then»exposed fo 2»><>10—5 torr of CO at a sample temperature of
77 K. The initiai spectrum, labeled T = 77 K, is characteristic of
the surface staté formed during the gas exposure. Three more spectra
of the same sample were measured after heating the crystal to succes-
sivgly higher températures for one minute intervals. Each measurement
i; the average of 1000 spectrometer scans and required dpproximately
one hour to complete. The temperature was monitored by the copper-
constantén thermocouple soldered to the sample crystal. The CO molecules
were removed from the metal film via arg&n ion bombardment (Section
III—A—Z), and a spectrum Qf the clean nigkel surface was then recorded.
In Fig. 15 this background spectrum has been subtracted from each of
the CO spectra to distinguish the mblecular absorptions from other
spectrai féatures. Sharp water vapor lines_appear in thé difference
spectra becausé tﬁe concentration of water vapor in the spectrometer
changed during the course of the measuremehts. Comparison with
published high resolutidn water vapor specfra67 show that the calibra-
‘tion_derived from the wavelength ofdthe refefence laser is accurate
to 0.5 cm—1 and that the resolution is approximately 2 cm—l.
The carbon monoxide absorptions labeled A, B, and C are due té
molecules bonded on the surface to one, two, and three nickel atoms

respectively. The identification of these spectral lines is based
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Fig. 15. Spectra of CO adsorbed on a nickel film at 77 K
and then heated to successively higher temperatures.



-89~

" upon the.results éf previous experiments which are summarized in the
next section. Bonds invdeing ohé nickel atom are called linear bonds
while those linking the CO molecule té two or more nickel atoms are
called bfidge bonds. The integratéd Strength.of the three lines
decreases as ﬁhe sample is heated and molecules desorbvfrom the surface.
The dependence of the spectrum oﬁ temperature and surface coverage
is shown in moréfdetail in Fig. 16 which combines the results of expe;i—
ments on three different nickel films. The spectra lébeled (a), (c),
(e), and (f) are from Fig. 15. Spectrum (d) is for a film evaporated
and expoéed to 5 X 10 % torr of CO at 290 K. The same film heatea
to 310 K for three minutes produced spectrum (b). The sampie in
spectrum (g) is a film cleaned by ion bombardment at 300 K, exposed
to a total flux of 1.5 X lO16 ﬁolecules/cmz‘at 2 K, and then heated
to 29.3 Kﬂéor two minﬁﬁes to remove most of the ph?sically édsorbed
CO. The spectra are arranged froﬁ (a) to (g) in oxrder of increasing
surface covefage; Gas exposures made af the lowest sample  temperatures
were assumed to producé thg highest coverages. ‘Spectra'(b) and (d)
are positioned relative tok(a), (c), and (e) by assuming that the
frequenéy of line A inqreases monotonically with coverage. The fre-
quency Q,.iinewidth_Av,Jpeak‘signal F, and integrated strength
I= f F 4dv for»each'line ére listed in Table 4. The signal strength
F is taken as the ratio of thé peak éarbon monoxide absorption to the
baseline absorption from the éleanﬁnickel'film. The vertical écale
in Fig. 16 is calibrated by assuming that the metal absorbs 15 per cent

of the total incident unpolarized radiation (Section II-D).
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Table 4. Line Strengths, Positions, and Widths from Fig. 16.

Spectrum (a) (b) (c) (a) - (e) (£) (9)
Line A
v 2036 2041 2054 2092 2103 2107 2106
Av 26 .22 24 -~ 33 22 20 14
F .0024 .0119 = .0173 .016 .031  .038 .030
I .062 .26 42 - .76 .87 .98 .42
Line B
Vv 1919 1937 1958 1970 - 1971 1964 1949
Av .43 34 26 37 - 28 30 23
F .0031 - .0093 .0173 .021 .0138  .0090  .0032
1 .13 .32 .61 .84 .55 .46 .07
Line C
v . 1815 1858 B ‘ 2000
Av 43 43 e ' ‘ 270
F .0041 .0038 " ' , .0048

.18 .16 1.28

Irotal -37> .74 1.03 1.60  1.42  1.44  1.77
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In the sections which follow we will analyze in detail the seqﬁence
of spectra in Fig. 16. First we review the results of previous experi-
mental and theoretical investigations of carbon monoxide adsorption
and identify the absorption lines in our spectra with‘those detected
on both single crystal and polycrystalline samples. We then discuss
the structure of our evaporated film sample, the thermally activated
transitioﬁs which can occur between different bonding states, and the
effects of intermolecular repulsion on the distribution of molecules
among the available adsorption sites. Finally we compare the measured
intepsities and frequency shifts with those predicted by the simple
dipole model of Chapﬁer Ix.° | |

We will find that most of the features of our spectra can be
explained in terms of the fairly well established picture of linear
and bridge bonded molecules. Sﬁectra (a) through (d) are consistent
with published results for room temperature single crystai and catalyst
samples. The absorption lines shift to higher frequencies with
increasing surface coverage because éf the dipole-dipole interactions
between adsorbed molecules. Because only molecules with the same
vibrational frequency are cqupled together by this effect, line B shifts
back to lower frequencies in spectra (d) through (g) as the number
of molecules at bridge sites decreases. The relative intensities of
linés A and B change as mblecules make transitions to different bonding
sites, We will consider three effects which might cause these transi-
- tions. First, there is the possibility that the surface states formed

at low temperatures do not represent equilibrium distributions of
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molecules and that- thermally ac£ivated transitidns between linear énd
bridge sites occur when the sample temperature is raised. Next, we

will show that interactions between adsorbed molecules can change the
relative energies of the two bonding configurations and make linear
bonds more stéble at high coverage. Finally we will discuss direct
intermolecular repulsion which can force molecules to occupy less stable
siteé of intermediate bond character. Future experiménts in which

the teﬁperature and surface‘covérage are varied indepéndently of each
other will be necessary to determine the relative importance of each
effect.

2. Summary of Previous Work

The infrared spectra of polycrystalline metal samples are dis-

cussed in more detail elsewhere.s’68

Catalyst samples consist of metal
crystals between 20 and 200 A inAdiameter which are chemically deposited
on high surface area silica or alumina. Common features of most
spectral measurements of CO on nickel catalysts are strong absoiptions
at the approximate positions of l;nes A and B in Fig. 16. The lines

are generally broader than we observe with measurable absorption
occurring out to 1800 cm_l. At low coverages the absorption below
1900 cm—l appears as a distinct band (liné C) whose intensity is
comparablé to that of the two high frequency bands. The details of
the measured spectra are effected by the structure and chemical pre-

) . 69,7
treatment of the metal particles, 2

0 by the composition of the
. . 71 . s \ . "
supporting medium, and by impurities. Previous infrared experiments

on nickel films evaporated in ultrahigh vacuum detected the principal
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absorption lines but were not sensitive enough to record spectra over
a range of different coverages.

The spectra of adsorbed carbon monoxide were first interpreted
by Eischens, et al.,7 on the basis of the measured spéctra of carbonyl
.compounds in which CO groups are bonded through their carbon atoms
to one or more transition métal atoms. Absorptions above 2000 cm-'l
occur for "linear" bonds linking the CO ﬁolecule to a single metal
atom. The low frequency lines arise from "bridge" bonds to two or
more metal atoms. Photoemission experiments have confirmed that the
axis of the CO molecule is oriented petpendicular to . the (100) and
(111) nickel faces ahd that the carbon atom is closest to the surface.73
Recent measurements of the saturation magnetization of nickel catalyst
samples support the picture of linear and bridge bonds on surfaces.69
In these experiments a single nickel conduction band elecﬁron was found
to participate in the linear chemical bond associated with the 2070 cm“l
infrared absorption. Two electrons participated in the bridge bond
proaucing the signal at 1930 cm—l. Studies of compounds of the form
Nin(CO)m assign the absorption near 1930 cm—-l to a two center bond
NiZCO while lower frequencies are associated with three and four centexr
b_onds.74

Blyholder75 has proposed an alternative interpretation of the.
spectra of adsorbed carbon monoxide in which linear bonds to metal
atoms located at the edges and corners of crystal planes account for

the absorptions below 2000 cm_l. Evidence for this is found in the

spectra of nickel catalysts.7o Samples with the smallest metal
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particles have the highest concentration of edge and corner sites and
the most prominent ihfrared absorption near 1800 cm_l. It has also
been found that CO molecules adsorbed on the edge sites of stepped
single crystals are the first to dissociate as the temperature is
increased.76 The weakened C-O bond at these adsorption sites is
indirect evidence for a low vibrational frequency.

Although edge and corner sités may produée some of the loQ frequency
absorptions seen in polycrystalline samples, their concentration is
too small to account for the strong lines detected below 2000 cm_1 on
well orderedAsingle crystal surfaces. These lines must be attributed
to the bridge bonded molecules proposed by Eischens. For small coverages
of CO on Ni (100) at 173 K, Andersson77 has observed electron energy |

1 1 and 358 cm-l. The low frequency

loss vibrations at 1930 cm ~, 656 cm
modes are identified as the symmetric and asymmetric Ni-C stretching

vibrations expected for the Ni._ CO surface species. The C-0 stretching

2
vibration at 1930 cm_1 is in the expected position for a molecule bonded
to two nickel atoms. Warming the sample to 293 K caused. the vibrations
of linearly bonded CO to appear at 2062 cm-'1 and 479 cm-'l along with

the bridge bond modes. Apparently the energy difference between the

two bénding configurations is small enough that.excitationS'into the
linear state are possible at room temperafure. This is inconsistent
with calculations done on Ni(100) which prédict a mhch”larger enerqgy
difference on the order of an electron volt. o2

When the surface coverage on Ni(100) is increased to 6 = 0.5 (one

CO for evéry two Ni), a c(2%2) LEED pattern develops,80 and the
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energy loss spectrum shows only the presence of linearly bonded carbon
monbxide.77 Intensity analysis of the LEED data also favors the linear
bonding site.81 Adsorption energies are apparently modified to favor
thé linear bond when the spacing between molecules decreases, and an
ordered array is formed.

The CO vibration at low coverage on Ni(1ll) has been detected
near 1815 cm—l in both ELS82 and infrared experiments.83 The loﬁ
frequency is evidence that molecules occupy the hollow sites on the
close packed lattice and ére ponded to three nickel atoms; The energy
loss signal shifts to 1911 cm—l at 0 = 0.41,82 suggesting that a converF
sion from three center to two center adsorption sites has occurred.
More detailed infrargd spectra have been reported by Bradshaw and
Hoffman64 for CO on Pd(111), a system which shows virtually the same
LEED patterné and vibrational frequencies as Ni(111l). The spectral
line is observed to broaden during the transition between sites and
to narrow again when the transition is completed. The large frequency
shift due to bond conversion occurs over a narrow range of surface
coverages. Additional shifts to higher frequencies occur continuously
as the coverage increases. These shifts have been attributed to dipole-~
dipole interactions between molecules,46 to the overlap of molecular
wavefunctions,64 and to indirect interactions between molecules due
to their competition for bonding electrons frém the substrate.47'75'84
Thepretical work on interactions mediated by the substrate show that
such effects can contribute téuﬁhe stability of the oxdered stfgctures

observed at high coverage.
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3. Identification of Spectral Lines

The results of ELS and infrared experiments outlined in the pre-
vious section demonstrate that lines A, B, and C in our low coverage
spectra aré due to molecules ocqup?ing~linear, two center, and three
center adsorption sites respectively. Bonds formed at four center
sites may also be stéble on certéin planes and contribute to either
line B or line C. In spectra (a) and (b) of Fig. 16, line C corrésponds

82,83 For

to the vibrational mode observed at low coverage on Ni(11ll).
the room temperature>saturation coverage achieved in spectrum (4),
the (lll) absorptions are expected at 1915 aﬁd 2045 cm—l where they
account for some of the intensity in lines B and A.83 Energy loss
peaks on Ni(lOO)77 were found at 1930 and 2062 cm-—l and.can be identi-
fied with lines B and A in spectra (a) through (d). The ELS experiments
indicate that most of the (100) signal should be in line B at low
coverage, in line A at O = 0.5, and spread between the two at 6 = 0.61.
Since this behavior is not apparent in our spéctra, we conclude that
the surface of our polycrystalline sample cannot be treated as a col-
lection of perfectly ordered (111) and (100) faces. Data on other
nickél‘surfaces are not available. |

The spectral lines in Fig. 16 shift to higher frequencies as the
surface coverage increases. We show below that dipole-dipole coupling
between molecules vibrating at the same frequencyvacéounts for most
of the observed effect. The frequency shift increases approximately
‘linearly with -suxface covefage. The splitting of line A in spectrum

(d) is evidence that linear bonds are present in differernt concentrations
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on the different crystal faces of our sample. For example, the weak
low frequency component of line A might arise from a small concentration
of linear bonds on the (111) faces, which are expected to contain mostly
bridge bonds.82 The stronger high frequency component could then be
attributed to the large concentration of linear bonds expected on (100)
faces.77

Spectra (e), (f), and (g) in Fig. 16 represent high surface coverage
states which have not been studied in previous experiments. Because
intermolecular repulsion greatly reduces the net binding energy of
the molecules for surface concentration§ greater than approximately
1015 molecules/cm2 (0 = 0.53 on Ni(11ll) or 6 = 0.69 on Ni(lOO)),92
such states are stable only at low sample temperatures. Spectra (e)
and (f) show that as the coverage increases line A shifts to higher
frequencies and grows at the ekpense of line B. Spectrum (g) shows,
in addition to lines A and B, a broad absorption between 1850 and
2150 cm_l. We attribute it to molecules adsorbed at random positions
relative to the nickel lattice. These high coverage spectra will be
interpreted below in terms of the bonding forces exerted on the CO
molecules by the nickel lattice and the repﬁlsive forces between
neighboring molecules.

4. Structure of the Nickel Film

Metal films deposited on most substrates at or below room tempera-
ture consist of randomly oriented crystal domains having the lattice

structure of bulk single crystals.86 Grain sizes between 60 and 300 A

87,88

have been measured for nickel films, and most of the exposed
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surface area is expected to consist of low index faces. The surface
structure therefore resembles that of catalyst samples. Poor vacuum
conditions and smaller domain sizes probably account for the broader

8,7
0 There

linewidths observed in experihents on nickel catalysts.

is no evidence in our high coverage spectra of the broad absorption

.band below 1900 cm—l which has been attributed to CO molecules bonded

at the edges and corners of érystal facés in nickel catalyst samples.70

The only effect of substrate disorder which wé 6bserve is a slight

broadening of the CO absorption lines on ion bombarded surfaces relative

to the lines seen at similar coverages on freshly evaporated films.

This is evidénce that tﬁe 16(0) strétching frequency is determined primarily

by the numbér of nickel atoms directly bonded to the molecule and not

by the arrangement of the nickel atoms surrounding the adsorption site.
The.spectra of molecules adsorbed on polycrystalline samples are

more complicated than those of single crystals because a larger variety

of different adsorption sites are present. A furfher difficulty with

vevaporated nickel films is that the samples are porous so that the

surface area available for the adsorption of gases is larger than the

~geometrical area of the film.88'89 The interior surfaces occur at

the boundaries between crystal domains and are oriented approximately

per?endicular‘to the plane of the filﬁ.‘ CO molecules chemisorbed on

these faces will therefore have theif axes parallel to the plane of

the film, and they will not interact withbthe electric fields of the

incident infrared radiation which are polarized perpendicular to the

film and penetrate into the film due to the skin effect.40 Radiation
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does not propagate directly into the cracks in the film because their
widths are much smaller than the infrared wévelengths} vConsequently,
only the ﬁolchles adsorbed on the outer faces of the sample should
contribute significantly to the measured absorption signal. Prolonged
annealing at temperatures above 300 K is required to reduce the porosity

89,90 This tells

of a nickel film and increase its average grain size.
us that nickel atoms diffuse across the surface much more slowly than
the adsorbed carbon monoxide molecules, which are highly mobile at
room temperature.80 The changes in our measured spectra which occur
after brief intervals of sample heating are therefore due to changes

in the CO layer rather ﬁhan changes in the structure of the nickel
surface. Structural effects will be investigated in future experiments
by comparing the spectfa of films evaporated at different sample
temperatureé and by extending our measurements to single crystal

samples.

5. Thermally Activated Transitions

The energy diagrams in Fig.vl7 are helpfﬁl in analyzing.the distri-
bution of molecules formed on the surface at different temperatures.
Figure i7a shows én approxiﬁate form for the energy of an iéoléted
carbon monoxide molecule as a function of the distance from the surface
as it approaches a linear bonding site XL' a bridge site XB' and an
intermediate site XI located between the linear and bridge positions.
The well depth determines the strength of the chemical bond and is

. . 92
approximately 1 eV for the most stable sites. The bond energy as

a function of position parallel to the surface is shown in Fig. 17b.
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Energy minima at the linear and bridge positioné explain the tendency
of molecules to be 1ocalized at sites of high symmetry rather than at
fandom positions on the surface. If the energy minimum at the bridge
site is approximately 0.02 eV below that of the linear site, then both
sites will be_populaﬁed at room temperature while bridge bonds will
be favored on a cooled sample. This is the behavior detected in ELS
for Ni(lOO).77

If we aséume a small surface coverage so that there is no interac-
tion between m§;ecules, then in thermal equilibrium at a temperature
T the ratio of the populations in the energy wells at the linear and

bridge sites is proportional to the Boltzman factor e , Where E

2
is the difference between the adsorption energies at the two sites. -
An equilibrium distfibution is achieved only if the molecules possess
sufficient thermal energy to overcome the energy barrier El and switch
to a neighboring adsorption site. An approximate transition rate for

such a process is given by the equation

-E l/kT :
R=V_ e (20)

wﬁere VR is the vibrational frequency for motion of fhe molecule
parallel to the surface.

The first explanétion which we propose for the high intensity of
line A in spectra {(e) through (g) is that for gas exposures made well
below room temperature, molecules remaih bonded at the site where they
are first adsorbed and cannot switch positions to achieve a thermal

‘equilibrium state. In Fig. 17b a broader energy well has been drawn

for the linear site to suggest that linear bonds are more likely to
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be formed when a molecule strikes the surfacé. An approximate value
for El can be found by noting in Table 4 that 10 per cent of the linear
bonds ‘detected in spectrum (f) converted to bridge bonds when the sample

was heated to 170 K for 60 seconds to produce spectrum (e).. Using

Y

1 , .
R 10 3 Hz, R = 0.0016 sec, and T = 170 K in Eqg. (20), we find

E
1

1l

0.54 eV which is about half the measured adsorption eneréy. This
energy barrier permits virtually no bond conversions to occur at 77 K,
the temperature at which the gas exposure for spectrum (f) was made.
Spectra (a) through (d) were all measured after heating the samples
to 270 K or higher. These temperatures are sufficient to achieve a
rapid equilibrium state fér a barriexr height of 0.54 eV. The approxi-
mately equal intensities measured for lines A and B in these spectra

are consistent with an energy difference E, in Fig. 17 of only a few

2

hundredths of an electron volt.

6. Intermolecular Repulsion

In our high coverage spectra the average spacing between molecules
on the surface is comparable to the 3 A molecular diameter determined
from gas phase measur_ements.65 Intermolecular repulsion limits the
surface coverage on these samples and must be included in our analysis
of the relative populations on linear and bridge sites. We first argue
that interactions between molecules can change the relativé strengths
of the different chemical bonds formed with the nickel surface. This
effect may ekplain the shift toward linear boﬁding sites at high
coverage. Then we consider the direct repulsive forces which can

force molecules out of the energy wells pictured in Fig. 17b and onto
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lattice sites intermediate between the linear and bridge positions.
According to the accepted picture of CO chemisorption,75 electrons

donated by the metallic substrate intQ the antibonding ﬂ* orbitals of

the molecule serve to strengthen the Ni~C bond, weaken the C~0 bond,

and lower the C-0O stretching frequency. Molecules bonded at three center

sites must have the highést density of ﬂ* electrons since their vibra-

tional fiequencies are farthest from those of the free molecule.

Moleculeé at 1ine&r sites have the smallest'ﬂ* density.. EleCtrons in

T orbitals are concentrated away from the molecular axis and experience

the strongest coulomb interaqtion with electrons of neighboring molecules.

At highAcoverages the repulsive coulomb interaction may-force these

electrons back into the metal. This has been préposed as one reason

for the continuous shifts to higher frequencies observed. for each

sbectral line as the surface coverage ihcreases.64 Coulomb repulsion

should also raise the energy of the bridge bonds relative to linear

bonds and lead to a continuous increase in the equilibrium population

of linear sites as more molecules are adsorbed. ' Such changes will be

most evident in our spectra if molecules are able to freely convert

from one bonding configuration to another at 77 K. This requires an

energy barrier E, in Fig. 17 which is less than about 0.2 eV.

1

For sufficiently large surface coverages the direct repulsive
forces between nearest neighbors become comparable to the lateral
forces exerted by the nickel lattice. To minimize their energy, the

80,91

molecules tend to form a ciose—packed hexagbnal array with a

lattice constant which is larger than the 2.49 A nearest neighbor
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distance of the nickel atoms. Distortidns in the CO array must take
place to localize the molecules on linear and bridge sites and give

the distinct lines observed in vibrational spectra. The forces causing
these distortions are détermined from the shape of the energy curve

of Fig. 17b. Molecules will be displaced toward either a linear or.

a bridge site to form bonds which are stretched and distorted versions
of the bonds formed at iow coverage. Distorted linear bonds may produce
the low frequency_tail of line A observed in spectra (e) and (f). The
broader energy well shown in_Fig; 17b for the linear site means that
more molecules in the close-packed array will form linear bonds than
bridge bonds. The widﬁh of the potential energy well may be a more
important factor favoring linear bonds at high coverage than their low
density of ﬂ* electrons.

As adaitional molecules are adsorbed, coulomb repulsion grows
stronger and it becomes more difficult to disﬁort the CO lattice. We
then expect less localization of the CO molecules on~tﬁe linear and
bridge sites of the nickel lattice. Spectrum (g) of Fig. 16 illustrates
this case. Seventy per cent of the total carbon monoxide signal
appears in a broad absorption band between 1850 and 2150 cm—l.
Evidently the molecules causing‘this absorption ocﬁupy a continuous
range of adsorption sites. Molecules are held on the less stable sites
of intermediate bond.character by strong repulsive forces from their
nearest neighbors. The high sgrface coverage necessary to see this
effect was achieved by expoéing a clean surface to carbon monoxide gas

at 2 K and then warming the sample to 29.3 K to induce ordering and -
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to remove moiecules physically adsorbed on tép of the chemisorbed layer.
The peaks lébeled P are due to the remainingvphysisorbed molecules and
are discussed-in Section B of this chapter. The strength and sharpness
of line A in spectrum (g) is evidence that molecules do not have to

be localized exactly over a nickel atém to form a linear bond. A
tipping of the C-O0 axis might accompany the lateral displacement of

the molecule to preserve the linear character of the Ni-C-O species.

We have argued that the large number of linear bonds detected in
our high coverage spectra may be due to the.formation at low tempera-
tures of nonequilibrium surface states or to the effects of repulsive
interacﬁions between moleculeé. Evidence from other experiments favors
the explanation in terms of intermolecular repulsion. First, Tracy's
LEED measureﬁlents80 indicaée that the energy barriers are small for
surface diffusion of CO molecules oﬁ Ni(100) and that thermal equili-
brium can be achieved at sample temperatures as low as 77 K. Second
is the fact that infrared experiments64 on Pd(11ll) show that CO molecules
switch from three center to two center adsorption sites at relatively
low surface coverages. This transition éccurs on a room tempe;ature
sample in equilibrium with gas phase molecules and is clearly caused
by the interactions between adsorbed molecules. The changes in the
spectrum which we observe at higher coveréges seem to be the second
step in the conversion from three center to linear bonds which occurs
on (1l11) faces as molecules are packed together more closély.

To obtain Quantitative information on the strengths of the various

forces and the shapes of the energy curves in Fig. 17b, additional
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measurements must.bg made in_which the. sample temperature and surface
coverage are varied independently of each other. For example, we can
eliminate the effects oﬁ{intermolecular repulsion by studying the
temperature dependence of low coverage states. The. initial spectrum
obtained after a gas exposure at 2 K determines the relative cross
sections for.the formation of each type of bond, and this gives.the
widths of the energy wells. The energy barriers for bond conversion
can be calcglated'from the_intensity_shifts observed after heating this
sample to a series of higher temperatures. The equilibrium populations
reached at a given temperature determine the relative well depths. The
effects of interactions between molecules can be studied by repeating
this series of mgasurements and starting each sequence with a higher

CO coverage. Our -apparatus is:ideal for these measurements because

of its ability to vary the sample temperature ptecise}y}and to preserve -
nonequilibrium chemical states at 1ow temperature during spectrai

measurements.

7. Intensitie; and Line Shifﬁs

Finally we compare the line ;Frengths and frequency shifts observed
in Fig. 16 with the predictions of the dipole model developed in
Chapter'II. There we found that the absorption signal saturates at
high coverages due to the ;cgge?ing effects of neighboring molecules.
Therefore it cannot be used as a linear.measure of surface coverage.

In spectrum (d) the measured value of the integrated absorption strength

1

-1 . 2
is 1.6 cm _and the coverage should be approximately 1.1 x 10 5/cm p

. . 92 .
the maximum attainable for a room temperature gas exposure. Using.



-108-

the dipole parameters of a free CO molecule and a linewidth of 30 cm—l,
the calculated integrated absorption strength for moiecules arranged
in a square ‘array on the surface is 0.50 cm—l. The measured infrared
ébsorption by chemisorbed molecules is enhanced by a factor of approx-
imately three relative to that of the free molecules. No such enhance-
ment is observed in our experiments on physisorbed CO. To explain the
observed line intensities we must assume that the molecular wave
functions are modified by chemisorption éuch that the matrix element
for the transition‘or the effective dipole charge q in Eq. (1) is
increased. A’bridge bonded molecule, whose vibrational frequency lies
farthest from that of the free molecule, is more strongly perturbed
by chemisorption than .a molecule on a linear site ahd,probably has a
larger value of g. This may éxplain why the integrated strength in
spectrum (d), which shows a larger number of bridge bonds, is greater
than in spectrum (f) even thougﬁ the toﬁal surface‘coverage in (f) is
higher.

Equation (10) shows that the dipole-dipole frequency shift depends
upon the charge g and will be increased by the same factor as the:
absorption strength. Numerical calculations based upon the model of

2
15/cm

Chapter II predict a 45 cm“1 shift for a coverage of 1.1 x 10
and a linewidth of 30 cm_l. The shift observed between spectra (a)

and (4) is 50 cm""l for line B and 55 ém-l for line A. Precise agreement
is not expected since the relative populations on linear and bridge
sites and their arrangement on the surface are unceftain and because

47,64,75

other mechanisms can.contribute to the measured shifts. ‘It
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is clear however that dipole-dipole coupling accounts for a major
fraction of the observed effect. The same conclusion was reached for
CO on Pt(1l1ll) based upon the spectra of different isotopic mixtures

of CO.46

B. Physically Rdsorbed Cérbon Monoxide

Physical adsorption is the re;;lt of the attractive van der Waals
interaction between atoms and moleculés.93 The weak dipole electric
fields which produce these bonds have little effect on the moiecular
wave functions, and vibrational frequenéies occur very close to those
of the free molecule. In é7series of experiments we have.used the high
sensitivity and spectral resolution,kand thé precise temperaturé
control of our apparatus to investigaté the different states of phySical—
ly adsorbed carbon monoxide in both monolayer and multilayer films,.
The procedures of Section V-A-1l wére followed in preparing a clean metal
film covered with a layer of chemisorbed CO. This provided a homo-
geneous, chemically inert substrate on which physical adsorption could
be studied. The first layer of physisorbed molecules is found to con-
sist of molequles bound to the substrate in several configurations.
Successivé layérs form a crystal lattice'whosé strﬁ;tﬁre appeérs~to
change when the saﬁplexis annealed.at,approximately.22 K

1. Monolayer Films

Figure 18 shows three spectra of a nickel film evaporated and
L -6
initially exposed to 5 x 10 Torr of CO at 300 K and then exposed to
' 15 2 SRSy ‘
a total flux of 1.9 x 10 > CO molecules/cm  at 2 K. The strong

. . -1, C s .
absorption line at 2142.5 cm in the initial spectrum (T = 2 K) splits
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Fig. 18. Spectra of a thin layer of CO physically adsorbed at 2 K

and then heated to 19,6 X and 22.4 K.
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into three weaker lines after heating the sampie to 19.6 K and 22.4 K

for one minute intervals. Approximately 2.5 monolayers of physically
adsorbed CO are formed during the low temperature exposure if all the
incident molecules stick to the cold surface. The concentration of
molecules in a monoiayer is taken as 7.6 x 1014/cm2 which is the two
thirds power of the measured volume density of 2.2 x 1022/cm3 for solid
co.

The absorption lines in Fig. 18'aré shifted from the frequency
of the unperturbed C-O vibration due to the weak interactions between
the adsorbed molecules. Negative frequency shifts of 4 to 5 cm—1 have

Ar, and CH4.94 This solvent

been observed for CO diluted in solid N2,
shift does not depend strongly on the nature of the host lattice.
Molecules with the same vibrational frequency are coupled by the dipole-
dipole interaction which éroduces positive frequency shifts. In Chapter
II it was shown,that the magnitude of this shift is approximately
2.5 cm-l for the molecules vibrating perpendicular to the surface. The
net effect of the solvent shift and the dipole shift is to produce the
absorption line at 2142.5 cm_l for T = 2 X and at 2141.4 cm.-l for
T = 22.4 K in Fig. 18. Because this line is the first to decrease in
intensity when the sample is heated, we attribute it to the molecules
in the second and third layers which are the first to desorb.

The physisorbed molecules which remain on fhe surface after heatiﬁg
to 22.4 K have several distinct absorption lines and must be bonded

in different configurations to the layer of chemisorbed molecules which

covers the nickel surface. The vibrational frequency may depend upon
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whether the carbon or the oxygen atom of the CO molecule is nearest

the surface. Another possibility, suggested by the spectra of chemi-
sorbed molecules, is that linear and bridge adsorption sites on the
underlying CO lattice may produce the different vibrational frequencies.
The large frequency shifts associated with the lines at 2147 and

2162 cmml indicate that the surface bond may involve more than the simple
van der Waals interaction. Larger positive frequency shifts have been
observed for weakly bound carbon monoxide molecules adsorbed at room
temperature on a variety of catalyst samples.8 A chemical interaction
involving the transfer of electrons from the CO molecule to the substrate
has been proposed as the reason for these freqpency shifts,s'95 and

this may also explain the additional lines seen in our spectra.

2. Multilayer Films

Figure 19 shows the spectra of a multilayer carbon monoxide £ilm.
A helium temperature nickel film sample was first heated to 300 K and
cleaned by argon ion bombardment. Then it was cooled to 2 K and dosed
with 1.5 x 1016 Co molecules/cm2 producing a first layer of chemisorbed
molecules plus approximately 18 layerxs of physisorbed molecules. The
strong absorption at 2142 cm—l first decreased in intensity and split
into two components as the sample was heated to successively higher
temperatures for two minute intervals. The weaker line at 2138 cm_l
maintained a nearly constant intensity. Further heating to 24.0 K
caused the strong absorption to reappear and the spectrum resembles
the one measured after the initial gas exposures. The final spectrum,

obtained after heating to 29.3 K, shows that most of the physically
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adsorbed molecules have evaporated from the surface. This spectrum
appears magnified in Fig. 16g where thevabsorptions due to the
chemisorbed molecules are visible between 1850 and 2150 cm-l, The
remaining physisorbed molecules cause the lines labeled P in Fig. 16q.
The line shapes differ from those of Fig. 18 because of the presence
of a sharp absorption line a£ 2142 cm_l in the spectrum of the radiation
incident on the sample. . Some of this radiation reflects off of the
optical baffies (Fig. 9) beforevhitting the sample. Carbon monoxide
molecules condensed on these baffles during the low temperature gas
exposure absorb radiation at 2142 cm._1 and cause e sharp negative
feature in the measured spectrum. This effect is not visible in
Fig. 18 because a samller gas exposure was made in that experiment.
Figure 20 shows the spectrum of a different multilayer carbon
monoxide film with a different thermal history. The three lines of
the main absorption occur at 2137.8, 2141.3, and 2144.3 cm—1 and are
more clearly resolved than in Fig. '19. For this sample a nickel
evaporation and CO gas exposure of 5 x 10—6 torr were first made at
300 K. The surface was then dosed with 4.6 x lO16 CO‘molecules/cm2
at 2 K and heated to 22.8 K for one minute. The strong line at
2092 cm—l, which also appears in Fig. 19, and the weaker ones at 2088
13 16 12,18 12,17

and 2112 cm—l arise from the CO isotopes C O, and

-1, .
The broad feature centered at 2200 cm i1s caused by the simultaneous
s
excitation of the CO stretching vibration and the various low frequency

phonon modes of the crystal lattice. The dip in the absorption signal

just below the frequency of the main CO resonance represents a decrease
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in the background absorption by the metal film. It is caused by the
increased dielectric reflection from the carbon monoxide film as its
resonant frequency is approached from below. Both the isotope and phonon
modes have been observed previously in the transmission spectra of much

4 . S . :
8,94 The multiple line structure of the main resonance

thicker films.
has not been seen before.

Of the four multilayer CO films which we studied, all showed the
initial strong absorption at 2142 cm_1 with a weaker feature at 2138 cm—l
which sharpens after heating the sample. Only two of the CO films con-
verted to the sﬁate with three weak absorptions. Only ﬁhe film whose
spectra appear in Fig. 19 converted back from the three peak state to
the two peak state. Among the factors which could explain the
variability of our results are differences in the sample temperatures,
heating and cooling rates; the impurity content of the film, and the
surface structure of the substrate.

Cafbon monoxide crystallizes in an fcc lattice with four
inequivalent molecules per cubic cell96 and four modes of coupled
molecular vibration. Fox and Hexter97 show that the three modes which
are optically active have thé same frequency and an.isotrépic polari-
zability. We can therefore calculate the absorptidn spectrum using
the isotropic dielectric constant of Eq; (6) and the Lorentz local field
correction which is valid for a cubic_crystal. Figure 21 shows ﬁhe
calculated frequency dependence of the absorption signal assuming a
resonant frequency of 2143 cm-l and linewidths rénging from 5.0 to

!

0.02 cm_l. The film thickness of 18 layers, the angle of incidence
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of 82°, and the optical constants of cold nickel taken from Table 1 were
used to model as closely as possible the optical response of the sample .
whose measured spectra appear in Fig. 19. The calculated signal at
each frequency is'avefaéed over a 2 cm._l band to simulate the effect
of the finite rescolution of the infrared spectrometer. The horizontal
and vertical scales are the same in Fig. 19 and Fig. 21 to facilitate
comparison.

The caléulated_absorption signal decreases in inténsity as the
. width of the molecular resonance changes from 0.2 to 0.02 cm-l. The
reason is that for small linewidths the peak polarizability from
Eq. (1) is sovlarge that nearly all of the incident power pélarized
parallel to the plane of incidence is absorbed. Since the peak absorp-
tion has reached the saturétion-level and is independent of linewidth,
the total absorbed power and the peak power at 2 cm-lAresolution must
both increase with linewidth. By comparing the line strengths in the
calculated and measured séectra,'we conclude ﬁhat disorder in the
initial deposit of carbon monoxide éroduces an infrared linewidth of
approximately 3 cm—l. Annealing the film can improve the laftice order
ana reduce - the linewidth to approximately 0.1 cm—l. Heating the film
to too high a temperature or perhaps cooling it too quickly is suffi-
cient to restore~the original disordered state. |

The intense absorption at frequency 'vL =.2146 cm_1 in Fig. 21
is caused by oscillating dipoles oriented pefpendicﬁlar to the plane
of the film. The positive frequency shift from 2143 cx'n—1 is the same

dipole shift encountered in the spectra of monolayer films. Dipoles
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oriented’vparailei to the £ilm pfoduce an aﬁsorption.at vT = 2140.5 cm_l
which is mﬁch.weaker because at a metal‘sufface the electfic field
components with this polarization are‘very small. The absorptions at
Vip and VL occur.ét the frequencies of-the tfansvgrse optical.(TO) anq
longitudinal optical (LO) phonon modes of the carbon monoxide lattice.
Berreman's ex?eriments on roombtemperature LiF films Were the first
to demonstrate ﬁhat infrafed absorptions can occux at both phohon
frequencies.

The peak absorptions in the calcﬁlated spectra appear approximateiy
4,cm—l above the me&sured values in Fig. 19 because we did not include
the solvent shift in‘our theoretical model. The measured splitting
between VT and vL fo; the sample heated to 24.0 K is 4.1 cm-l_while
the calculated value is 5.5 cm“l for Av = 0.2 cm—l. The agreement'
between the‘éhapes of ﬁhese two spectra Would be better if a weak
feature with a 5 cm_1 béndwidth were added ﬁo fhe calculated spectrum
to account for residuél disorder and surface effects.

The 3 cm“l splitting of the LO ébsorpﬁion shown in Fig. 19 at
T = 21.8 K and in Fig. 20 is‘iﬁconsistent with our calculations. It
suggests'thaﬁ, along with thé narrowing of the spectral lines, there
is a transition to a more complicated crystal structure. This could
be either a cﬁbic lattice with more than one set Qf TO and LO phonon
modes or a noncubic lattice whose infrared spéctrum would.depend upon
the orienfation'of the cfystal axes rélative to the plane of the film.

Heat capaéity99 and x-ray diffraction measurements96 show that solid

carbon monoxide undergoes a phase transition from an fcc to an hcp
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lattice structure when it is heated above 61.6 K. The infrared line-
width broadens from 1.5 to 14 cm“1 when this'transition occurs.25 Our
spectra provide the only evidence of a second stable low températuré
phase, and we can only speculate about its nature. Entropy measurements
reveal that there is some residual disorder in the usual low temperature
phase.99 The magnitude of this effect suggests that the lattice does

not distinguish between the carbon and oxygen atoms of the CO molecule
and that the static dipole moment at each site may assume either of

two allowed orientations with equal probability. There may éxist another
crystal strucﬁure in which these dipolevmoments form an ordered array.
This could explain both the narrower linewidths and the additional
splittings observed in some of our spectra.

3. Activation Energies

Our analysis of the chemisorption data in Section V-A-5 aemon—
strated that activation energies for various processes can be estimated
by noting the temperatures at which they occur. A temperature of 27 K
and a phonon frequency Vp = 50 cm-l in Eq. (20) yield an activation
energy for desorption of the physically adsorbed molecules of 0.068 eV.
This ié consisﬁent with the published value of 0.061 eV/molecule for
the heat of vaporization.lq0 A more interesting procesé is the conver-
sion of physically adsorbed molecules to the more stable cheﬁically
adsorbed state. -Magnified plots of the data in Fig. 19 (as shown in
Fig. 16g) show a line at 2100 m”t from chemisorbed carbon monoxide
even in the spectrum measured immediately after the initial gas exposure

at 2 K. This means that no activation energy in excess of the kinetic
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energy of the incident molecule is required to form a chemical bond
with the nickel surface. The intensity of this 2100 cm—l line grew
by about 50 pér cent in the final stages of sample heating as éome of
the physisorbed molecules converted to the chemisorbeéed state. The
activation energy for this process is tﬁerefore comparable to the
desbrption energy. It is probably a measure of the repulsion by the
chemisorbed molecules already present on the surface. This repulsion
prevents physically adsorbed molecules from approaching nickel atoms

and forming chemical bonds.
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VI CONCLUSIONS

We have demonstrated that sensitive vibrational spectra of
molecules adsorbed oﬁ metal surfaces can be measured by attaching a
thermometer to the sample, cooling the assembly to liquid helium
temperatures, and recording the temperature changes which occur when
infrared radiation is absoibed. The sénsitivity of our systen is
attributable to the low noise and reduced background signal achieved
in the thermal detection scheme, to the ability of the rapid scan
Fourier transform spectrometer tQ discriminate against low frequency
noise and drift, and to the automated, computerized data acquisition
electronics.

The data presented in Chapter V resulted from a series of explora-
tory measurements made in a few weeks when all the components of the
apparatus first began to work at once. The spectra of chemisorbed
molecules on evaporated nickel films give strong support for the picture
of linear and bridge adsorption sites and show how the distribution
of molecules among these sites changes when the coverage increases,
and intermolecular foxrces become important. The spectfa of physically
adsorbed monolayers show three distinct bonding configurations while
those of multilayer CO films give evidence of a new low temperature
crystal phase with very narrow absorption lines. These measurements
demonstrate that surface states formed.over a broad range of tempera-
tures can be studied in our helium temperaturé apparatus and that
precise control over the temperature is uéeful in measuring activation

energies for chemical changes.

3
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The promise of our apparatus is its potential for detecting
infrared absorptions smaller than one part in lO4 of the incident
radiation. This is the noise limit of our presenf system and is better
than that of the best published reflection experiments. We have
analyzed in detail in Chapters II and IV the theoretical and experi-
mental aspects of our system which are important in optimizing its
performance. We cénclude that improvemenﬁs in the optics, electronics,
and thermometers may lead to 10 times better sensitivity. These
performance levels can be achieved for single crystal samples as well
as evaporated films and for infrared frequencies below 1000 cm—1 where
measurements with other techniques have been difficult. With improved
sensitivity it will be possible to make detailed studies of molecules
other than carbon monoxide and to look for evidence of chemical

reactions between different adsorbed molecules.
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