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ABSTRACT

Sensitive vibrational spectra of carbon monoxide molecules adsorbed

on evaporated nickel films have been 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 absorbed. The measurements are made in an ultrahigh vacuum chamber

in which the sample surface can be cleaned, heated,exposed to gas

molecules and cooled to 1.6 K for the infrared measurements. The

spectra of chemisorbed CO molecules 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 changes when the

CO coverage increases and intermolecular forces become important. The

spectra of physically adsorbed molecules in both monolayer and multi-

can presently be detected in spectra covering 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
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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 study 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 reveal the identity

and bonding configuration of adsorbed atoms and molecules. Recent

experimental advances have made it possible to measure such spectra for

single crystal samples.
1

Electron energy loss spectroscopy has

detected surface vibrations over a broad range of energies with a

-1
resolution of approximately 10 meV (80 em ). Infrared reflection

2-5
spectroscopy is capable of much higher spectral resolution, but its

application has been limited to narrow regions of the vibrational

spectrum. This thesis describes the development of a novel spectroscopic

technique which achieves both the broad bandwidth of electron energy

loss spectroscopy and the high resolution of infrared spectroscopy.

A thermometer attached directly to the sample crystal measures the

temperature changes which occur when infrared radiation is absorbed.

Our initial measurements 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

6
interaction of gases with single crystal surfaces. Photoemission

spectroscopy, low energy electron diffraction, and Auger electron

spectroscopy provide information on the structure and composition of

the surface layer. Molecular beam techniques and mass spectroscopy

have successfully monitored chemical reactions which occur at the surface.

Work functions, heats of adsorption, and activation energies for

diffusion, desorption, and bond formation are other important quantities
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which can be measured. Of the available techniques, vibrational

spectroscopy gives the most detailed information on chemical bonding.

Surface spectra can be compared to the spectra of free molecules to

determine what bonds are present and how they are changed by the adsorp-

tion process.

One of the earliest applications of infrared spectroscopy to

7
surfaces was the work of Eischens, who observed the transmission

spectrum of carbon monoxide adsorbed on nickel samples chemically

deposited on finely divided silica. High surface area metal samples

of this type are used as catalysts in many industrial processes.

Infrared spectroscopy is therefore an important technique for studying

catalytic reactions, and this continues to be an active field of

8
research. The spectra however are often difficult to interpret. They

depend not only on the metal 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 contamination, it is necessary to study single

crystals or evaporated films under carefully controlled ultrahigh

vacuum conditions.

A full monolayer of carbon monoxide, which has one of the strongest

infrared active vibrational modes, absorbs only a few per cent of the

incident infrared radiation at the peak of its resonance. Transmission

spectra of supported metal samples rely on multiple reflections to

build upa measurable signal. MUltiple reflection geometries have

been devised for evaporated films and metal foils with large surface

d'
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areas9 but are not practical for single crystals whose surface areas

2are usually less than 1 cm. To study these samples it is necessary

to detect small changes in the infrared power reflected from the

surface. The lowest noise level achieved in experiments using reflection

spectroscopy is approximately 0.02 per cent of the total incident power.

These measurements scanned small regions of the infrared spectrum and

employed either wavelength4 or polarization modulation5 to reduce the

effects of fluctuations in the infrared beam. In only a few experiments

have molecules other than carbon monoxide been detected. 4 ,9,10

Energy loss spectroscopy (ELS) detects electrons scattered

inelastically from the crystal surface. The energy lost by an electron

is equal to the energy difference between vibrational states of the

adsorbed molecule. Allowed vibrational excitations are governed by the

11,12
same dipole selection rules which apply to infrared spectroscopy,

and only a small fraction of the incident electrons cause transitions.

Since these inelastically scattered electrons differ in energy from the

rest of the beam, they can be filtered out by the electron spectrometer

and detected separately. The large backgro~d signals which occur in

infrared reflection spectroscopy are therefore avoided.

Sensitive energy loss spectra have been reported for many

-1 12
molecules over the frequency range 300-4000 cm One recent

experiment detected an intermediate surface state in the dehydro­

genation reaction of ethylene on a Ni(lll) surface. 13 In addition to

observing the internal vibrational modes of adsorbed molecules, ELS

has detected the low frequency vibrations of the bonds linking the
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molecule to the metal surface. These have not yet been seen in infrared

experiments done in ultrahigh vacuum.

Although ELS has proved more sensitive than infrared spectroscopy,

it has several limitations. One is that it cannot detect the high

resolution features seen in an infrared spectrum. Another is that it

-3
cannot be used when the background pressure exceeds 10 torr because

electron scattering by gas molecules then becomes important. Finally,

the incident electron beam in ELS can induce changes in the surface

14
layer. These limitations provide an incentive for the development

of more sensitive infrared and optical techniques for studying surfaces.

11
' 15 . 16 . 17E ~psometry, Raman scatter~ng, opto-acoust~c spectroscopy, and

surface electromagnetic waves
18

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

energy. 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 spectroscopy. Electron energy loss spectroscopy

achieves the same advantage by detecting only the inelastically

scattered electrons. Unfortunately, photons are not as surface

sensitive as electrons. They penetrate hundreds of angstroms into a

metal sample and interact with the conduction electrons. The result

is an absorption spectrum with a broad background signal on top of

t,
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which appear the spectral lines from vibrational modes in the surface

layer. Since the amplitude of the lines is the same as in thereflecti~n

spectrum, it is the si~e of the background signals detected in absorption

and reflection spectroscopy which determines the relative sensitivity

of the two techniques. For ~ noble metal like copper, the background

signal in absorption spectroscopy can be as much as 20 times less than

in reflection spectroscopy. For transition metals the advantage of

absorption spectroscopy is significantly smaller especially at high

frequencies where interbandtransitions occur.

Absorption 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

19 17
the temperature changes. In opto-acoustic spectroscopy the thermal

energy is converted into sound waves for detection bya microphone.

The procedures which we use for sensing small temperature changes

have been widely applied in the design of broad band radiation detectors

21 22called bolometers.' The principal requirements are a low heat

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 absorptions from a

monolayer of adsorbed rnolecules~ A doped germanium resistance thermo-

meter measures the saIllPle temperature. Using similar low temperature

techliiques, Joyce and Richards22 have measured the absorption spectrum

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
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detection scheme which we have developed. These measurements were

made over a three week period after spending two and one half years

designing, building, and optimizing the equipment. Our principal

accomplishment has been to demonstrate that a practical spectroscopic

system of this type can be built and that its sensitivity is adequate

to study single crystal surfaces. Most of the thesis therefore focuses

on experimental details. The contents of each chapter are briefly

summarized in the following paragraphs.

In Chapter II we present a simple model for calculating the

infrared absorption of a metal surface covered by a thin layer of

molecules. The metal is treated 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 spectrum. It does predict the approximate

magnitudes of the absorption signals and determines the optimum

experimental conditions for absorption spectroscopy.

Chapter III describes the vacuum system, thermal 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 helium cryostat.

The bakeable sample chamber has a base pressure of approximately

10-10 torr and includes facilities for cleaning and heating the sample

crystal, evaporating metal films, and making controlled gas exposures.

It does not include any means for characterizing the surface other

than the infrared technique being developed. The infrared beam is

..
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incident on the sample from a rapid scan Fourier transform spectrometer.

A mini-computer controls the data acquisition process, performs the

Fourier analysis, and calculates spectral differences to isolate

surface effects.

Chapter IV presents a detailed quantitative analysis of the

performance of the system. Our best measurements have been made on

-1
evaporated nickel films samples at frequencies between 1000 em and

3000 em~l with a resolution of 2 em-I

on the spectra are equivalent to an absorption of 13 parts per million

of the incident infrared power. We show that elimination of excess

noise from the spectrometer, data acquisition electronics, and thermo-

meter crystal will improve the performance by a factor of ten. Our

calculations also show that comparable sensitivities can be achieved

for single crystal samples with hundreds of times the heat capacity

of the nickel films presentlypeing studied. The analysis indicates

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

quencies where much less power is available from the infrared source.

The results of our first experiments 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 distrioution of molecules among these adsorption

sites changes when the surface coverage increases and intermolecular

forces become important. Several distinct bonding configurations are
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also detected in the spectra of monolayer films of physically adsorbed

carbon monoxide which are stable on a surface only at low temperatures.

For multilayer CO films we see evidence of a new low temperature

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 temperature techniques

and that precise control of the sample temperature allows us to measure

activation energies for chemical and physical changes. Future experi­

ments will focus on single crystal samples, on molecules other than

carbon monoxide, anq on the detection of vibrational modes at lower

frequencies where the absorption technique has its greatest advantages.
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II. INFRARED ABSORPTION BY SURFACE LAYERS

The oscillating dipole moment of a vibrating molecule interacts

with the electric field of an incident plane wave and causes the infrared

absorption which we detect in our experiment. In many cases this moment

is only weakly perturbed when the molecule is adsorbed on a metal

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 surface. These calculations teil us what. angles

of incidence make the surface absorption signals most prominent and

what signal to noise ratio is necessary to detect the presence of a

given molecule. By comparing the magnitude of the calculated effects

in the absorption and reflection spectra, we can predict the relative

advantages of the absorption technique described in this work compared

with conventional reflection spectroscopy.

Greenler
23

has shown that infrared absorptions on a metal surface

are maximized when the radiation is incident at nearly grazing angles.

He modeled ~he adsorbed molecules as a continuous dielectric film qnd

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 surface layer from a simple dipole model

of the adsorbed molecules. To properly account for dipole-dipole

interactions in a monolayer film, we replace the standard Lorentz

correction
29

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 carbonrnonoxide gas are accompanied

by changes in the rotational state of the molecule. The resulting

infrared spectrum contains hundreds of sharp absorption lines. Free

rotation does not occur when the molecules are bonded to a metal surface

25
or condensed in the solid phase at low temperatures. In our

experiment we therefore expect a single absorption line associated with

transitions to the first 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 V , linewidth ~v, reduced mass ~,o

The observed linewidth varies from

and effective charge q. For the free carbon-oxygen vibration, .~

proton masses and V = 2143 cm- l
o

6.86

-1
50 cm for carbon monoxide with a strong chemical bond to a metal

-1
surface to less than 1 cm for a thick layer of molecules crystallized

into a well ordered lattice. An expression for the molecule's dipole

26
moment, deduced from measurements of ,the gas phase spectrum, is

p = Po + q ~r where Po is -0.112 x 10-
18

esu-cm, q = 3.1 x 10-
10

esu,

and ~r is the displacement of the interatomic distance from its

-8equilibrium value of 1.13 x 10 em.

-+ -iwt
If the electric field at the site of a molecule is E(t) = E e

then the induced dipole moment has the same time dependence and ~n

amplitude p = a(w)E where the complexpolarizability is
27

2
a (w) = --=--q"'7-/....~-­

(w 2_w2) - iw~w
o

+ '\: = a' (w) + i a" (w) • (1)
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In this formula w ; 2TIcV and ~w ; 2TIc ~V where V and ~V are expressed in

-1
cm The contribution a

E
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

refraction for CO gas yields a value

The power absorbed by a singl~ molecule is the product of its

absorption cross section

area. The cross section

a (w) and theincident infrared power per unit

.. 27
1.S

a(w) ; 4TI w
c

a" (w).

It has' a peak value at' resonance of

a(w )
o

1.95 x 10-17

~V

2
cm

IlIOlecules with

The vibrational polarizability is significant only for electric

fields parallel to the axis of the molec~le. For randomly oriented

molecules this means that ope third of all the, dipole moments are

acti ve in the absorption process. To ,illustrate the strength of the

carbon monoxide absorption, we consider a, layer of NA molecules per

unit area adsorbed on the surface o~ a transparent substrate.

Radiation of frequency w is incident at an angle <P to the surface
o

normal. The layer absorbs a fraction NAO~wb)/3cos<P of the total

-1
incident, power. For <p = 80°, ~V = 6 cm and for a single layer of

N = 7.6 x lo14;cm2, 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 plane wave alone. To



-12-

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 La~er

To accurately calculate the infrared absorption of our sample we

must treat the molecules on the surface as discrete dipoles rather

than as a continuous dielectric film.
. 28

Born and Wolfe discuss the

propagation of electromagnetic waves in such a medium. The total

electric field is the SQIll of the fields from external sources and those

produced by the individual dipo:)..es. The polarizability ex relates the

dipole moment of a molecule to the local value of the electric field.

The basic equations of this microscopic theory are obtained by

requiring that the fields and moments within the medium be self-

consistent.

For an electromagnetio wave incident on a polarizable medium from

vacu~, the microscopic theory yields a reflection coef£icient
28

which

is equivalent to the one derived from Ma~ellts equations for two

- homogeneous media. This is beoause the reflected field is evaluated

far from the interface where it depends only upon the spatially

averaged properties of the medium. For the same reasons we shOUld be

able to use the soluttqn of M~ellts equations for the thin film
'" .

geometry of Fig. 1 to calculate the reflection coefficient of a metal

surface covered by a layer of adsorbed molecules. The self-consistency

requirement of the microscopic theory must be imposed to find the

relationship between the average polari~ation P and the average
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metal

vacuum

surface

I
I
I

<Pm~
I

I

4>vi
I
I
I
I

XBL 7812-6325

Fig. 1. Thin film surface geometry.
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electric field E within the surfqce layer. This determines the effective

dieleGtric constant of the molecules

£ = I + 47TP/Es . (2)

The local electric field E
L

at the site of a molecule is found

by adding the externally applied fie1d~A to the total dipole field

ED contributed by all the other molecules in the medium. For bulk

. 29 1"
mater~a1s mo1ecu es w~th~n a spherical shell surrounding the lattice

site are treated as discrete dipoles, and their individual electric

fields are added together. Molecules. outside the sphere are assumed

to form a continuous polarization with density P, and the electric

field is calculated by integrating over the remaining volume of the

crystal. The integral has a contribution 47TP/3, called the Lorentz

field, 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 po1arizeq perpendicular to its

surface, the field is -47TP. The total local fj.,eld is then

where E
C

is the field from molecules within the spherical cavity, and

E = EA - 47TP is the average field which appearS in Maxwell's equations.

The' term E
C

depends upon the lattice structure of a solid medium and

vanishes for sites of cubic symmetry.

When the film consists 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 surf.~ce dipoles. Two
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dimensional lattice sums of this type have been used to estimate the

heat of adsorption of molecules
30

and the work function change caused

31by adsorbed monolayers. The results for square arrays and hexagonal

arrays differ by only a few per cent. We perform the calculation for

a square array of surface dipoles and consider only the electric field

components perpendicular to the surface. Parallel fields are effectively

canceled by the response of the conduction electrons of the metal

substrate.

The real surface consists of an array of adsorption sites with

lattice constant d. A fraction 6 of the sites'are occupied by adsorbed
o

molecules. We model this surface as a square array of occupied sites

with lattice constarit d lIS. We uSe d as the thickness of the filmo 0

in Fig. 1 and now proceed to derive the appropriate dielectric constant

E: •
S

If P is the dipole moment of a single molecule, then there will

be an image dipole p' induced in the metal substrate a distance d
o

from each source dipole.
. 32Its' magnitude ~s

p' ==
8 - 1m
8 + 1m

if we use a continuum model for the response of the metal. Since

18 I» 1 for good conductors at infrared frequencies we can assume
m

p' == p.
~'.

~ ~

The electric field at position r== 0 produced by a dipole p at

.. ~.
pos~t~on r~s

~

E ==
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For dipoles oriented perpendicular to the sur.face we find the total

fields for the array of source and image dipoles to be

Esource =
p.

(d /18) 3
o i, j#:o

1

E.
~mage

= .p

(d /18) 3
o

L
i,j

26 .2. .2
-,1. - J =

pe 3/ 2

3 B(6)
d

o

Cutting off the series at 200 lattice constants, a computer calculation

yields A = 9.005 and B(6=l) = 0.113. The value of A agrees with the

33
published result 9.035 for the infinite sum. The infrared wavelengths

of interest in vibrational spectroscopy are typically 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 molecules.

The local field at each site in the surface layer is

3/2 1/2
E :::; E + W [B (6) -A] = E + 4'ITP + 6 P [B (6) -A]
LAd 3

o

where we have defined an average polarization density P = p6/d 3 and
o

(3)

again used the relation E = EA 4'ITPbetween 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 Eq. (3) with the defining relation for the molecular polari-

zability p :::; aE
L

to obtain

"



-17-

(4)

where Nel/d 3.
V 0

The quantity

e(6) c 4TI+6l/2
[B(6) -A] ( 5)

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

the self consistent dielectric constant is

e:( 6)
s

(6)

We have focussed upon the problem of deriving an effective surface

layer dielectric constant to be used with Maxwell's equations in calcula-

ting the reflection coefficient for the thin film goemetry pictured

in Fig. 1. Sivukhin
34

obtains the amplitude of the reflected wave

more directly by summing the scattered waves from individual molecules

in the surface layer. His theory takes into account the lattice structure

of the substrate as well as the surface layer, so it is potentially

more accurate than our model which assumes ahomogeneou8 substrate.

Because Sivukhin's results are comp~icated, and his paper is in Russian,

we have not attempted to use it in calculating infrared absorptions.

35However Bootsma has compared Sivukhin's predictions for the phase

shifts observed in optical ellipsomet:rY'fith ·calculations based upon

Maxwell's equations. The two approaches give very similar results

for the coverage dependence of 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 absorptions it is more diffiCUlt to detect the small signals

contributed by molecules on the surface. At the high angles of incidence

which maximi~e the surface sensitivity, the absorption coefficients

of different metals range from 5 to SO per cent and depend upon the

frequency of the radiation and the temperature of the sample. In this

section we consider the published measurements of the infrared optical

constants of nickel and copper 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 phenomenological scattering time T for each electron,

the standard result for t,he frequency dependent dielectric function

f f 1
. 36o a ree e ectron gas ~s

E:m(W)
41Ti

::::1+
W

(7)

2where 0 ~ Ne Tim is the electrical conductivity, N is the number
o

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

electrons. The value of 0 deduced from optical and infrared measure­
o

ments is generally less than the measured DC electrical conductivity.

This is because optical measurements preferentially sample the disordered

surface 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
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copper, silver, and gold are therefore better prospects for absorption

spectroscopy than transition metals such as nickel and platinum. The

scattering time 1" is the temperature dependent parameter in Eq. (7).

At room temperature it is limited by electron-phonon Gollisions. At

low temperatures phonon scattering becomes negligible; the conductivity

increases, and we expect less absorption at infrared frequencies.

37 38
Two measurements ' of the index of refraction nm = I€m of

a
o

evaporated nickel films hav.e been reporteq. in the infrared frequency

-1 -1range between 800 cm and 5000 cm , Both show substantial deviations

from the free electron model. Beattie's results fit Eq. (7) fairly

-1well below 1200 em , 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 are found to be

3.16 x 1016 esu and 1" = 1.02 x 10-
14 sec at room temperature.

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 small

free electron contribution to the measured high frequency absorption

is expected to decrease with temperature.

At infrared frequencies the mean free path of an electron in nickel

at room temperature is 150 A if we assume a Fermi velocity of 1. 5 x °108

cm/sec and use Beattie's value for the scattering time. At very low

temperatures phonon .and electron 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 constants

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

greater 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

1 , 't 39l.ml. • If surface.scattering is inelastic, then the effective mean

free path is approximately equal to the penetration depth 0 which is

, by40gl.ven

-1
At 1000 cm using the free electron parameters for nickel, we find

o = 260 A.

d
' .. 41,

Another loss mechanism, pre l.cted by Holstel.n, l.nvolves the

absorption of a photon and emission of a phonon by the scattered

electron. The scattering time 'H for this process is

, = 5T'
H 28

where T is the electron-phonon scattering time measured at a temperature

T greater than the Debye temperature 8. Osing Beattie's measured value

T = 0.72 x 10-14 sec at T = 520 K and using e = 450 K for nickel we find

'H = 2.1 x 10-14 sec, so the ~ean 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



-21-

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

refraction for nickel and copper with the expected low temperature

values. The room temperature data are from Beattie's published measure-

ments. The low temperature values assume a factor of two increase

in (J and T for the free electron contribution to the dielectric constant.
o

-1
To calculate nickel's low temperature index.of refraction at 2000 cm

-1
and 4000cm in the presence of temperature independent interband

absorptions, we have separated the interband contribution to the

dielectric function from the free electron contribution and corrected

only the free electron part. Measured interband absorptions in copper

are much smaller than for nickel. A free electron model with

(J
o

= 1.54 x 10
17

esu and T = 1.41 x 10-14 sec was found by Beattie

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

D. Numerical Results

The electric field of the plane wave reflected from the interface

pictured in Fig. 1 has an amplitude

2'Sr + r e 1.
r = __v_s~_-=-sm:.=--::-:--:-

. 2iS
1 + r r evs sm

relative to the incident amplitude.
42

The phase change across the

surface layer for infrared wavelength A is

(8)

S = 21Tn
s

d
o

A cos ~ s .
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Table 1. Index of Refraction of Metals

Nickel 500
-1

1000
-1

2000
-1

4000
-1em em em em

Warm 22 + 5li 7.6 + 29i 5.0 + 16i 3.6 + 9.0i

Cold 15 + 65i 4.3 + 33i 4.0 + 16i 3.4 + 9.0i

Copper

Warm 36 + 106i 11+ 59i 2.9 + 3li .77 + 16i

Cold 22 + llBi 5.B + 6li 1.5+ 3li .47 + 16i
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The Fresnel coefficients r .. give the reflected amplitude for the single
. 1J

interface between media i and j. For the polarization states parallel

and perpendicular to the plane of incidence their values are

II n. cos ¢. - n. cos ¢.
J 1 1 Jr. o

1J n. cos ¢. + n. cos ¢jJ 1 1

1 n. cos ¢o - n. cos ¢.
1 1 J Jr o .

1J n. cos ¢. + n. cos ¢.
1 1 J J

where the angles ¢o are related by Snell's law
1

no sin ¢.
1 1

n. sin ¢. •
J J

by the interface is A

Since no power is transmitted through the metal, the total absorption

1 - Ir1
2

• We must evaluate A for different

values of ¢ , n , and n in order to predict the power absorbed by
v s m

our sample. The surface layer index of refraction n is calculated
s

from the dielectric constant of Eq. (6) for different surface coverages

e and polarizabilities a. The polarizability a is given by Eq. (1)

and is a function of the infrared frequencies V and V and the linewidth
o

~V. For absorbing media all the e~pressions involve complex numbers,

and their forms reveal very little about the qualitative dependence

of the absorption signal on the vadables ¢., n ,e, \i, V , and ~V.
. v m 0

We have done numerical calculations on a computer, and in this section

we discuss the results.

The angular dependence of the metallic absorption 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 of the total incident power. Relatively little absorption

occurs for radiation polarized peipendicularto 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 electric field amplitude at the position of the

surface. Because the field is small, there can be very little absorption

in the 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 canceled by the conduction electrons. At large 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 this'parallel polarization component

since effects from radiation polarized perpendicular to the plane of

incidence are two to three orders of magnitude smaller.

The surface signal shown in Fig. 2b is for 0.1 monolayer of randomly

oriented molecules with the dipole parameters q and ~ of carbon monoxide

and a resortant frequency v
o

-,1= 2000 em In calculating the index of

refraction n =~ from Eq. (6), we use the measured density of solid
s s

22 . 3
carbon monoxide N = 2.2 x 10 molecules/cm. We assume a linewidth

V

-1
~v = 6 em to calculate the polarizability from Eq. (1). The surface

si'gnal is taken as the difference between the reflection coefficients
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calculated for the two frequencies v = v and v = v + 10 ~v. In
o 0

Fig. 2b, this quantity is ratioed to the total absorbed power and to

the total reflected power to predict the fractional signal change we

expect to observe in absorption and reflection spectroscopy due to the

dipole resonance at frequency v. For optimum sensitivity reflection
o

spectroscopy must use a high angle of incidence. For the nickel surface

-1
at 2000 cm , 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 over reflection spectroscopy for infrared frequencies below

2000 em-I where the interband absorption by bulk nickel is reduced.

The surface signal in Fig. 3b is for a molecule identical to carbon

monoxide except for the frequency of its infrared resonance. 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 1000 em-l • Fora 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 dipole strength

of CO and a linewidth of 60 em- l , we expect fractional absorption

signals 100 times 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 spectrum of between 104 and 10
5

depending

on the infrared frequency.
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Figure 4 shows the coverage dependence of the fractional absorption

signal using different models to account for screening of the electric

field within the surface layer. The factor C(6) in Eq. (4) and (6)

gives the size of the local field correction used in calculating the

surface layer dielectric constant. For C = 4n we subtract away the

entire screening field -4nP which is implicit in a solution to Maxwell's

equation for a thin layer polarized perpendicular to its surface. This

gives the unscreened absorption shown in Fig. 4. Also shown is the

coverage dependence predicted by our model of a simple cubic surface

lattice with C(8) given by Eq. (5). The absorption strength begins

to saturate at high coverage when the screening effect of neighboring

dipoles becomes important. This saturation is also observed assuming

a Lorentz local field with C =,4n/3 or assuming that the full screening

field -4nP is present in the surface layer with C = o.

Another possible model of the surface layer assumes a dielectric

constant which is independent of coverage and a film thickness which

. I' 1 'h 24~ncreases ~near y w~t coverage. Figure 4 shows the predictions

of this variable thickness model using a Lorentz corrected dielectric

constant calculated from Eq. (6) with 6 = 1 and C = 4n/3. The absorption

strength is proportional to surface coverage. There is no saturation

because the polarization density and screening fields are independent

of 6. Even for very small surface coverages, the electric field within

the film is reduced by a factor 1/£ from its value just outside the
s

film, and this causes the variable thickness model to underestimate

infrared absorptions. For a surface model to be accurate there must

be.no screening of the applied electric field in the limit of very small
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coverages. This means that the dielect~ic constant must vary with 8

and approach one as 8 approaches zero.

The frequency dependence of the surface$ignal in the neighborhood

of a molecular resonance at v
o

-1
= 2000 cm is plotted in Fig. 5. The

peak absorption is shifted from v because the vibrational modes of
o

neighboring dipoles and their images are coupled to each other through

their electric fields. Because of the shift the surface signal cal-

culated at the resonant frequency v is less than its maximum value.
o

In calculating the results shown in Fig. 3 and Fig. 4, we compensated

for this shift by evaluating the surface absorption at the peak of the

resonance rather than at frequency v .o

The peak absorption frequency of the coupled dipoles can be deter-

mined from the form of the resonance denominator which appears in the

expression for the average polarization in the surface layer due to

the applied electric field EA' Negiecting the electronic contribution

to the molecular polarizability we find from Eqs. 1, 3, 4, and 5 that

= ( 9)

Comparing this equation to the polarizability of an isolated molecule

given byEq. (1), we find that the effective resonant frequency of the

coupled oscillators is

(10)

Fields from neighboring dipoles are included in the lattice sum A.



-31-

c:
o.--0....o
en

.Q
~ 0.02
Q,)
o
o.....
L.

='
(f)

o
c:
o
'0 0.01
o...u..

Cold Nickel
ep:; 80°

Vo :; 2000 em'"
Av :; 6 em-I

2002.3
I

e :; 1.0

1990 2000 2010
Freq ueney .(em-I)

2020

XBL7812- 6329

Fig. 5.· Calculated absorption lineshape.



-32-

These fields oppose the externally applied field and act as additional

restoring forces on the oscillating dipoles. This effectively raises

the resonant frequency. The image dipoles produce an electric field

of the opposite sign. For sufficiently $mall coverages the image

contribution B(8) exceeds the direct dipole 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 chapter 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 s~strate. A few experiments have

been performed which provide qualitative confirmation of our calculated

results.
43

Pritchard's infrared spectra of carbon monoxide on copper

The saturation of

confirm the angular dependence of'the signal predicted by Greenler's

. . 1 1 1 . 23 d b' d 1 (. 2b)or~g~na ca cu at~on an your mo e F~g. •

the absorption signa144 ,45 predicted in Fig. 4 and the coverage

46 "'"
dependent frequency shifts predicted by Eq.(lO) have also been

observed in the spectra of chemisorbed co. These effects may arise

from the simple dipole electric fields of our surface model or from

more complicated coverage dependent chemical interactions.
47

In

Section V-A-7 we show that the intensities and frequency shifts in our

spectra can be explained by dipole fields alone if we use a value for

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 provide a somewhat simpler system

for testing our calculations. The linewidth measUred in our experi-

-1
ments on physisorbed co is approximately 6 cm 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 of our lattice sum calcula-

tion (Fig. 4) are in good agreement predicting a 2.4 per cent signal

for one monolayer. We have not yet measured the coverages and signal

strengths accurately enough to verify the saturation effect. The

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

The thermal detection technique which we have developed makes

surface absorptions more prominent than in conventional reflection

spectroscopy 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

of the vacuum chamber and limits the accessibility of the sample. It

also means that we cannot study surfaces at high temperatures 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

chemical 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 A1
2
0

3
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 techniques used to achieve high signal-

to-noise ratios on the absorption spectra.

A. Ultrahigh Vacuum Optical Cryostat

1. Cryostat

Figure 6 shows a vertical cross section of the liquid helium

cryostat and sarrple chamber 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 sarrple chamber to liquid nitrogen temperature. A

minimum sample temperature of approximately 1.6 K is obtained when the

pressure of the liquid helium 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 chamber is then unbolted so that the cold finger

These 4 1:. " flanges
2

operate at liquid nitrogen temperature 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 cylindrical

shutter which can be positioned to expose the sample to different

vacuum feedthroughs mounted on the ports of the sample chamber.

Electrical leads from the sample thermometer pass up along the cold

finger and into the cryostat vacuum via feedthroughs in the 4 1:. " flange.
2
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They then exit the cryostat through another feedthrough mounted on the

10" diameter top flange of the sample chamber.

To cool the cryostat both the liquid nitrogen and liquid helium

reservoirs are first filled with liquid nitrogen. The radiation shield

extending into the sample chamber takes several hours to reach its

equilibrium temperature. After this the liquid nitrogen is removed

from the helium reservoir. Threeito four liters of liquid helium are

..
then required to cool and fill the two liter helium container. Next,

the pump port is connected to a vacuUm line and the helium pressure is

reduced to a few torr. Typically the transfer takes five minutes and

the pumpdown another twenty minutes'. The liquid helium hold time after

pumpdown is approximately eight, hours.

2. Sample Chamber

The horizontal cross section of t}:le sample chamber is shown in

Fig. 7. "Th,e sample is mOunted on the cold finger in a fixed position

at the center of the eight inch diameter chamber and is surrounded by

radiation shields at liquid helium and liquid nitrogen temperature.

These cold surfaces block most of the ~oom temperature th~rmal radiation

which would heat up the s~le and make it less sensitive to the

radiation incident through the infrared window. Access to the sample

by room temperature vacuum feedthroughs is through 4 rom diameter holes

in the radiation shields. The cold shutter is positioned so that only

the infrared port is left open during spectral measurements. For most

experiments the thermal backgrodnd radiation hitting the sample is then

less than the 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 than that measured outside the radiation

shields. After bakeout and with the cryostat at room temperature, the

-10
gauge installed on a feedthrough port reads 1.5 x 10 torr. Near the

-8
sample the pressure is probably about 10 torr. This pressure is

proportional to the outgassing rate of the warm metal surfaces 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, and the only

source of sample contamination is the direct flux of molecules incident

through the ports in the radiation shields. With only the infrared

port left open, the solid angle exposed to room temperature surfaces

-3
is 5 x 10 steradians.

The sample chamber has twelve symmetrically placed feedthrough

ports sepled by 2.75" diameter flanges. Below we give a brief

description of each of the 10 devices installed on these feedthrough

ports starting with the infrared window and proceding clockwise in

Fig. 7.

a. Infrared window. A one inch diameter, 4 rom 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 which has survived three bakeout cycles. KRS-5

is a composite alkali halide material (thallium bromide-thallium iodide)

which transmits infrared frequencies greater than 200 em-I. 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 transducer. A Kronos model FTT-300 bakeable

film thickness transducer is installed adj~cent to the evaporation

source to monitor the deposition rate for the metal films evaporated

on the sample crystal. The transducer element is a thin quartz crystal.

Its mechanical oscillation frequency is monitored by an external

circuit and shows a decrease proportional to the mass of the deposited

film.

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 watts required to evaporate a nickel film.

Heating effects still increase the pressure in the sample chamber from

-10 -910 torr to 10 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 been deposited from an A1
2

0 3 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 of molecules 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

froIll the sample crystal. A variable leak valve and ion guage allow

us to accurately control the cell pressure. For pressures less than

-3
10 torr the mean free. path of the molecules exceeds the cell

dimensions, and the flux through the orifice can be calculated in the

molecular flow limit.
49

The result for the number of molecules/sec

incident on the sample per unit sample area is

F
c

p
c

hi (ll)

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

weight of the incident particles.
-3

For P = 10 torr of carbon monoxide

13 .. . 2
with W = 28, the flux is 6.2 x 10 molecules/sec cm. A monolayer is

15 2
formed from roughly 10 molecules/em so that the deposition rate in

this example is approximately one monolayer every· 16 seconds.

Whenever gas is introduced into the cell the pressure in the main

vacuum chamber rises and contributes an indirect flux of molecules to

the total direct flux incident upon the sample from the gas cell orifice.

With the cold finger at liquid helium temperature this indirect flux

is negligible due to the cryopumping 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 P •
s

50From kinetic theory the flux of

2molecules incident upon the surface per em is

F
s

= 3.5 x 10
22

P
s

where T is the gas temperature and P is measured in torr. This fluxs

is usually comparable to the direct flux from the gas cell orifice so

both contributions must be included when estimating the gas exposure.

Gases are introduced through the leak valve from Matheson lecture

bottles connected to the appropriate system of valves and regulators.

When not in use the gas handling manifold is kept evacuated by a small

untrapped 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 measured. A background pressure

of 10-6 torr 9f argon must be introduced into the vacuum system to

provide a source of ions for the gun. The sample temperature is

elevated to approximately 200 K during bombardment to prevent condensa-

tion of the argon gas.

g. Nude gau~e. 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

51
a simple electron gun designed to operate with up to 20 A filament
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current and 3kV accelerating voltage. Electrostatic deflection plates

adjust the position of the beam. For the measurements described in

this thesis, sample temperatures never exceeded 450 K. In this tempera­

ture range resistive heating of the sample, described in Section 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 Techniques

The pumping station which evacuates the sample chamber consists of

a gate valve (Huntington model GVA-800), a cold trap (Granville Phillips

model 278), and a diffusion pump (Varian model VHS-6). A sorption

pump (Varian model 941-6501) reduces the sample chamber pressure to a

few microns before the gate valve to the diffusion pump is opened. A

molecular sieve trap (Ultek model 232-1f02) located between the diffusion

pump and its mechanical forepump prevents migration of the forepillnp

oil into the diffusion pump.

All the seals between Ultrahigh vacuum and atmospheric pressure

are made with metal gaskets 'except for the viton sealed flanges

conne'cting the diffusion pump and cold' trap. Within the ultrahigh

vacuum there is a viton a-ring which forms the gate valve seal. All

other materials are either metals or vacuum grade ceramics which have

been degreased and chemically cleaned using standard techniques.
52
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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 the cold trap to 70 C and the sample chamber to 100 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 befqre 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 kept cold. The pressure drops to

-119 x 10 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 the infrared window and in fabrica-

ting the sample assembly.

~' 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 infrared

power. A similar optimization problem occurs in the design of

bolometers for the detection of infrared radiation in laboratory and

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

heat capacity and temperature should be as low as possible. The

optimum value for the thermal conductance linking the sample to its

low 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 all materials used in fabricating and mounting

the sample assembly must be low vapor pressure metals or ceramics

appropriate for use in ,a bakeable ultraliigh vacuum system.

Figure 8 is a simplified '~rawing of the sample assembly used in

our experiments on evaporated nickelfi:lms. The. t;:hinpoli~hedA1203

single crystal sUbstrate is mounted in a vertical plane at the center of

.;'\

strikes the crystal at an angle of 'incidence 82 0 from tl1e normal to the

surface. In this orientation the ion gun, molecular beam source,' and

evaporation source all have access to the' sample face which is exposed

to the infrared beam.

The sample crystal is shown suspertded between pairs of thin

tupgsten wires whi~h'are :anchored to the cold surfaces of the sample

mount. Current can be passed through these wires to resistively heat

the crystal. Only 300 mW of electrical power is required to warm the

sample from 1,.6 K to~OO K. This approximat.,ely triples the liquid

helium consumption by the cryostat, but for brief heating cycles the

effect on the total liquid helium hold time is small.

The gallium doped germanium thermometer crystal has dimensions

0.8 rom x 0.5 rom x 0.2 rom 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
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Fig. 8. Sample assembly for evaporated film experiments.
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into contaGt,with electrically insulated heat sinks on the sample

mount be~~re ,passing out of the vacuum system. The length and diameter'

of the wires are chosen to produce the optimum value of the thermal

conductance betw.een the sample and the 1.6 K reference temperature of

the cold finger. The constantan wire shown in Fig. 8 forms a thermo-

couple junction with one of the copper signal leads and measures the

sampl~ temperature during heating cycles.

2. Sample Fabrication

The sample assembly is fabricated in three steps. A pair of nickel

plated molybdenum contacts approximately 0.5 rom in diameter and 1 rom

apart are :f;irst formed on the A1
2
0 3 substrate. Copper and constantan

electrical leads are then attached to these cont~cts using lead-tin

solder. Finally, indium metal is used to connect opposite ends of the

germanium thermometer crystal to the two contacts. The melting point

of indium is,}5~ C, setting an upper limit on the operating temperature

of this assemJ;:>;Ly. By replacing the low melting point solders with

appropriate brazin9 alloys 0:r bY utilizing spot welds or compression

bonds, asampl,e of this type can be fabricated for use at much higher

temperatures.

To form the metallic contacts on the A1
2
0

3
crystal we use a

d d d 1 d f 11 ' , ,53stan ar process eve ope or meta lzlng ceram1cs..

(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 pright and metallic. Before soldering

to the contQ-cts they must first be nickel plateo. A relatively thick

electroplated deposit is made and then sand~d down. The thinnest

possible layers of molybdenum and nickel are used in order to minimize

the sample's heat capacity.

The next assembly step is to solder the electrical leads to the

outside edges of the nickel plated contacts. A single 50 ~m diameter

copper wire is soldered to one contact, while 25 ~m wires of copper

and constantan are soldered to the other. These operations are carried

out while viewing the sample with a stereo microscope. The quantity

of solder used is kept to a minimum.

Finally the germanium thermometer is attached to the substrate in

a position bridging the two contacts. The procedure adopted is to

first form indium contacts on the ends of the germanium crystal and

then solder it in place 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 HN0
3

:HF and rinseo;tn methanol. It is then'clamped on a

heatable ceramic stage Q-nd viewed undermQ-gnification. 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 the crystal is heated.

Above its melting point the indium forms a spherical bead without
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wetting the germanium. By elevating the temperature further and

introducing a dose of HCl from a gas cylinder, the indium is made to

flow onto the crystal surface. Usirigthe same technique,at a somewhat

lower temperature, the metallized germanium ;is then bonded to the

nickel contacts of the sample c'ryst~l. Care is taken not to' allow

mixing of the indium and lead-tin solders because alloys. with

undesirable properties may form.

3. Sample!Mounting

, The,mchmting hardware pictured in Fig. 9 consists of a stainless

steel saIl\Ple holder bolted to a two inch diameter copper baseplate which

is in turn bolted to the cold finger. The sample holder supports the

thin tungsten wires which suspend the saIl\Ple crystal. One end of each

wire is attached to a ,ceramic insulator forming an electrical terminal

for hea d.ng the saIl\J?le. A current of approximately 0.4 A passed through

the support wires is necessary to warm the sample from liquid helium

temperature to room temperature. The,optical baffles shown bolted to

the sample mount are sections of razor blades Which mask the edges and

rear surfaoeof the sarrple fromtheinfraredheam. These baffles are

in direct contact with the sample crystal but do not contribute

substantially to the total thermal, conductance between the sample and

mounting hardware.

The rear view of the saIl\J?le mount shows that the signal and

thermocouple leads from the thermometer crystal are soldered to

electrical terminal~ mountedpn ceramic heat sinks. The ceramic is

metallized using the procedures described in the previous section and



Sample
CrYstal

Ceramic
Heat Sink Stainless Steel

Sample HOlder

OPticol
Baffle

o BOlt Circle
~-...._--

COpper BoseP10te

ThermocOUPle
Terminal

ThermOmeter
CrYstal

Signal
Terminals

CerOl7lic Heot Sink



-51-

then soldered to the copper baseplate. The copper signal leads are

approximately 0.6 cm long and provide the largest thermal conductance

between the saxrq;>le and the baseplate. The electrioal connections to

the vacu~,feedthroughs on the '4 t," liquid nitrogen temperature flange

(Fig. 6) are made with thin-walled sections of sixteenth inch diameter

stainless steel tubing. These have, low,:the:qnal. conductivity and

sufficient mechanical rigidity to prevent vibrations, which are a source

of noise in high impedanoe electriCal circuits.

c. Spectrometer

I,

'In' our measurements we have used an EOCOM 700lP rapid scan Fourier

tran~form spectrometer. Tqeprinciples of Fourier spectroscopy have

, 54-56been reviewed extens~vely, and only the essential details will be

discussed here. The optical components of the spectrometer, shown in

Fig. 10, include a Michelson interferometer, the appropriate input and

output optics, and a blackbOdy· infrared S!ource., Broad: band radiation

fro~ the source is filtered and collimated and then divided into two

beams by the beamsplitter. The waves interfere when they recombine to

form the output beam which is focused onto the saxrq;>le by a lens.

Interference modulations are produced in the output beam intensity

when the mirror in one of the arms of the inte):"ferometer is moved.

These modulations are characteristic of the spectrum of'the 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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Fig. 10. Optical components of rapid scan Fourier transform
spectrometer.
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This is the point of zero 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 wavelength 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(4TIvt/A)

Each spectral component of the infrared beam contributes an intensity

modulation on the interferogram at the audio frequen~y

f 2 f = 2vV (12)

-1
where V is the infrared frequency in cm It also produces a constant

unmodulated baseline intensity. The audio frequency spectrum of the

interferogram gives the infrared spectrum of the detected radiation.

The major advantage of the rapid scan spectrometer in our applica­

tion is its ability to do long integ+ations a~tomaticallyand its

insensitivi ty to low frequency noise sources and drift. ,The integrations

are accomplished by averaging the interferograms produced.by successive

scans of the spectrometer mirror~ Because.each scan lasts only a few

seconds, the effect of slowly drifting signal levels 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 peakf~om the incandescent white light source provides a

reference signal at the beginning of each mirror scan. The length L

of the mirror scan determines the spectral resolution 1/4L. The

ultimate resolution is 0.065 cm-l • The mirror velocity is variable

from 0.03 to 4.0 cm/sec producing modulation frequencies from 120 Hz

-1to 16 kHz for the infrared frequency 2000 cm .

Figure 11 shows the interference modulations near the zero path

mirror position and the calculated infrared frequency spectrum for the

radiation absorbed by a nickel film covered with 2.7 monolayers of

physically adsorbed carbon monoxide. The frequency spectrum is that

of the blackbody source as modified by the transmission function of the

spectrometer and the absorption spectrum of the sample. The structure

-1 -1
observed between 500 cm and 1400 cm is caused by phonon absorptions

in the A1 20
3

sample crystal. These occur because a small amount of

infrared power is incident on the unmetallized portions of the sample.

Atmospheric water vapor absorption in the spectrometer reduces the

intensity of the incident radiation and causes the bands of sharp

-1 -1
structure centered at 1600 cm and 3800 cm . The spectrometer is

enclosed in a lucite box and flushed with dry nitrogen gas to decrease

the water vapor absorptions. Further improvement can be achieved by

sealing the box more tightly and by maintaining the gas flow for longer

periods before measuring the spectrum. The peak in the absorption

. -1
spectrum at 2140 cm is the carbon monoxide signal. 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 Acsuisition and Analysis

Our data acquisition electronics must record the resistance of a

thermometer crystal at thousands 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 these tasks.

The thermometer resistance, typically 250 kQ, is measured 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 MQ wirewoupd resistor in series with the thermometer. To reduce

o h 0 60 tho dO. 11ts Jo nson n01se, 1S loa res1stor 1S kept co d by mounting it on

the base of the liquid helium reservoir of the cryostat. For the present

detector and optical system, bias currents of a few microamps produce

peak interferogram signals of approximately 25 mV. This signal is

amplified to 10 V by a low noise preamplifier (Princeton Applied Research

model 185) and passed through an electronic filter (Kron-Hite model 3750)

to remove modulation 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 pulses begin when the

white light interferometer zero path signal is detected and stop when

the mirror reaches the end of it~ scan. The arrival of a pulse indicates

that the infrared signal should be digitized. The output of the sample-

and-hold amplifier is then held constant while the anolog-to-digital

converter (Phoenix Data model 1251) converts the voltage into a l6-bit
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binary number and stores the result in its output register. The ADC

accepts input voltages between -10 V and +10 V and has a resolution of

305 VV. The conversion requires 10 vsec and a DATA READY signal is

sent to the minicomputer (Digital Equipment Corporation PDPll-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 data 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 interferograms and using double precision

ari thmetic 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 spectrometer and the DATA READY signals from the ADC

to synchronize the process o·f 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 truncated to 16-bit

accuracy for on-line analysis. The 32-bit data are recorded on tape

and transferred 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

. . . . d d 1· d· 66mlrror pos1t1on. Two Sl e amp 1tu e Four1er transforms

are used to calculate the frequency spectrum. The on-line computer is
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also programmed to calculate the rms nois~ 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. SYSTEMPERFORMANCE

A primary goal of our experiments is to study hydrocarbons

chemisorbed on metal surfaces. These molecules have smaller peak

absorptions than carbon monoxide, and further improvements in our sensi-

tivity are required 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 present

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 sample. The

total power P is the sum of three terms

where Ps is the unmodulated component of the spectrometer output beam,

and P
b

is the thermal background radiation from room temperature surfaces
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which leaks through the radiation shields and strikes the sample

crystal. The term mPs is the peak interference modulation produced by

the spectrometer. It is present 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 optica;t system. The

spectrometer has 5 cm diameter optical components, and the, input

collimator is a 23 em focal length parabaloidal mirror pictured as a

lens. The output beam is focused onto'the saIl1Ple by a' 41 cm focal

length KRS-5 infrared lens. The angle of incidence ¢.= 82° is close

to the value for which adsorbed molecules produce the maximum fractional

absorption change. The sample accepts radiation from the spectrometer

within a cone of half-angle y = 2.3°. This angle is defined by the

1.3 cm diameter vacuum window positioned 16.4 cm from the sample and by

the 4 rom diameter aperture in the liquid nitrogen temperature radiation

shield located 5 cm from the sample.

The total unroodulated signal power at the spectrometer output,

measured with a calibrated thermocouple detector (Scientech model

360001), is Ps = 16 mW. For a blackbody source of area As and

temperature T the power emitted into a cone of half angle a in the
s

forward direction is

-12 4 2
where a = 5.67 x 10 W/K cm. Using the estimated temperature

T = 1300 K, the source aperture diameter of 0.64 ern, and the collection
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angle a = 6.2°, we calculate P = 61 mW. This 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 spect~um, the spectrometer's modulation factor is found to be

m = 0.44. Values approaching one are obtained only if we filter out

short wavelength radiation and reduce the source aperture to eliminate

off axis ~ays.

Next we estimate the fraction of the available infrared power

which is incident on the sample • With the focusing lens removed, the

beam divergence angle S is less than the sample's acceptance angle y.

The power hitting the sample should then be the total power of 16 roW

reduced by the ratio of the sample area to the beam area. An additional

attenuation facto~ of 0.7 must be included to account for the dielectric

reflection losses at theKRS-5 infrared window. We estimate that a

4 rom x 4 rom sample mounted at an angle of 82° to the beam will intercept

13 ~W of power. Of this only 6.5 ~W is polarized parallel to the

plane of incidence so that it can interact with the surface layer. The

observed 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 ~W.

The optical system of rig. 13 uses only 0.2% of the total power in

the spectrometer beam. An improved optical system with an 8 cm focal

length lens mounted between the vacuum window and the radiation shields

has been designed for future use. With this lens twenty times more

power can be focused on the sa~le if the radiation shield apertures
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are widened to allow an acceptance angle of go.

The thermal background power P
b

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

~fter 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

dT
C - + G(T-T )

dt H
(13)

in the sample.

The left hand side is the power required to raise a body of heat

capacity C to a temperature T greater than the heat sink temperature

T
H

. Power flows from the sample into the heat sink through 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

The incident source power P and thermal background
s

power P
b

were estimated in the previous section. P
f

is the component

of the total spectrometer power modulated at frequency f. Its integral

over frequency gives mP. The sample absorbs a fraction n of the
s

incident radiation. In Chapter II we considered the dependence of n

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

Eq. (13) is the joule heating in the thermometer crystal which has a
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R e
6/T and is biased with a current

o

Writing the temperature as the sum of a constant and a modulated

term

, MT
and expanding the exponential e to first order in T-To ' we find

that To and Tf obey the equations

(14)

6/T
e 0 + 2nifc

for low frequencies and bi~s currents the modulated temperature change

Tf is the absorbed power nPf divided by the thermal conductance G.

The amplitude of the temperature change decreases at high modulation

frequencies falling to 1/1:2 of its DC value at the thermal relaxation

frequency

(15)

where we have defined an effective thermal conductance

G' = G +
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The signal voltage is the product of the bias current with the

resistance modulation which arises from Tf .

order terms in Tf , the voltage amplitude is

Keeping only the first

(16)

The responsivity Sf relates the signal voltage to the absorbed power

nPf and is given by

6/T
IR 6e 0

o
(17)

It is largest at low temperatures and for small thermal 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 must 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 capacities

are much less than their room temperature values.

We have kept only first order terms in the derivation of the

signal voltage and the result is valid only for small signals such

that T
f

«T
o

2
/6. For the data points recorded very near the

spectrometer's zero path position, the changes in the absorbed power

6p = mJlPare too large for this condition to hold. A more accurate
s}{• ..•.

expression for the signal voltage takes the form

...

"
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v _ S~P + S' (~P) 2 + S" (~P) 3 + ••••

The nonlinear terms generate sum and difference frequencies on the

detected signal for every combination of frequencies present in the

modulated 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 spectrum of the signal produced by detectornonlinearities is

flat and contains none of the high resolution structure of the linear

signal. This is because appreciable nonlinearities only occur very

close to the zero 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 are recorded far from the zero path point. In

this region the response is quite linear.

2. Numerical Results and Measurement Procedures

Numerical values for the parameters which determine the signal

amplitude in. Eq. (16) are listed in Table 2 for the thin nickel

film sample assembly used in our e~riments. A few simple measure-

ments are sufficient to obtain these 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. Between 1.5 K

and 2.0 K values of R and ~ in the formula R = R e~/T can be chosen to
o 0

accurately fit the measured resistances. The calibrated sample assembly
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Table 2. Sample Parameters

R
o

r

G

R

= 1320 Q

9.43 K

1.688 K

2.0 W\

13 (T +T )/2 = 23.8 ~W/K
o H

R e 6/ To = 154.2 kQ
o

T = 1.955 K + r 2
R/G = 1.981 K

o

nPb = 0.69 ~W

nP 5.6 ~W
s

f = 265 Hz
o

C = 1.5 x 10-8 J/K

f

2.9 x 10
4

V/W
(1+f2/f 2) 1/2

o

500 Hz

m = 0.29

= 22 mV
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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 shutter, the

radiation incident on the sample is negligible and the measured sample

temperature equals the heat sink temperature T
H

. We use a 0.1 ~ bias

current in measuring the thermometer resistance and ignore an increase

~3
in the sample temperature of approximately 10 K caused by joule

heating.

For larger bias currents the temperature change due to the bias

current cannot be ignored,and its magnitude gives us an estimate of

the thermal conductance G. With no incident radiation Eq. (14) reduces

to

(18):::::
IV

:::::
G

T - T
o H In(V/IR ) - TH

o

where V ::::: IR e~/To is the voltage measured across the thermometer
o

crystal. For the copper electrical leads which dominate the thermal

58
conductance, we expect the linear temperature dependence G ::::: GIT.

Since the conductivity varies with t~perature along the length of the

wire we substitute the average value G ::::: G
l

(To + T
H

) /2 into Eq. (18)

and find

IV

With our measured values of R , ~, and T
H

we can calculate Gl for
0

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

increase with current and approach a constant value G
l

::::: 13 llW/K
2

for
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currents greater than 5 ~A. For low currents G
l

approaches zero, and

this indicates that our model of the thermal 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 temperature dependent term from the germanium crystal.

This contact resistance is only important at low bias currents and

prevents us from accurately measuring G
l

in this range. The published

thermal conductivity of the oxygen free high conductivity copper used

for the thermometer's electrical leads is 1.3 ~W/cm K at T = 2 K. 59

This gives a value for G
l

of 17 ~W/K2 which is in satisfactory

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 ~W of thermal

background radiation and 5.6 ~Wof infrared power from the spectrometer

are absorbed. These are the values quoted for nPb and nPs in Table 2.

The operating temperature T = 1.981 K for bias current I = 2 ~A is
o

found by adding a joule heating contribution I
2

R/G to the temperature

measured at I = 0.1 ~A in the presence of the infrared beam.

Finally we determine the thermal relaxation frequency f by
o

placing a rotating chopper blade in the infrared beam and measuring the

amplitude of the sinusoidal absorption signal as a function of

modulation frequency. We choose a value for f in Eq. (17) to fit
o

the measured signals over the frequency range 50 Hz to 700 HZ. Our
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values of f and G then determine the total sample heat capacity
o

C = G'/2rrf = 1.5 x 10-
8

J/K.
o

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 G
l

may be too small. As a final test of the

consistency of our measurements we calculate the sample's average

absorption coefficient n = 0.35 from the measured value np = 5.6 ~W
s

and the estimated value of incident power P = 16 ~W. Figure 3a shows
s

that this is the approximate value of n expected for nickel in the

-1
frequency band above 2000 em which includes 80 per cent of the

radiation from our blackbody source.

f:!" I,

The responsivity Sf calculated from the measured values of R
o

'

T , G, and f is 2.9 x 10
4

V/W at low modulation frequencies and
00'

falls to half that value at about 450 Hz. For our spectra covering

-1
the infrared frequency range 0-4000 em we use a mirror velocity of

0.12 em/sec which produces moqulation frequencies from 0 to 1000 Hz.

We take 500 Hz as the average modulation frequency of our spectrum and

calculate the interference signal V
500

as if all the light were being

modulated at this frequency. The moduiation 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

electronically 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 the noise which accompanies the signal voltage

calculated above. Table 3 lists seven noise sources which are present

in the system and gives the 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 spectrometer. This is discussed in

Section IV-E.

The fundamental noise sources in Table 3 are inherent in a system

h · h . th d fl' 60w ~c uses a res~stance ermometer to etect power uctuat~ons.

The Johnson noise term gives the amplitude of the thermally induced

voltage fluctuations present in any resistance R at finite temperature

T. The thermal conductance noise arises from the mean square power
o

fluctuations of magnitude 4kT
2

G which occur when a body is coupled to
o

a heat sink by a thermal conductance G. We multiply the expected power

fluctuations by the responsivity Sf to find the noise voltage.

The radiation incident on the sample also fluctuates, and this

accounts for the photon noise terms in Table 3.
60The standard results

for the power P and rms power fl uctuabons IJ.p emi tted in the forward

direction by a blackbody source of area A are:

P = dx
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Table 3. Noise Sources

Fundamental Mean Square RMS Voltage
Noise Sources Voltage (nv/IH'Z)

Johnson 4kT R V ::: 4.1
0 nj

Thermal Conductance 4kT 2 G s2 V
nG 1.0

0 f

Source Photons SkT np M. S2 V 10.4
s s s f ns

Background Photons SkT
b ~

2
2.1P

b Sf V
nb

:::

Excess Noise Sources

Thermometer 7.S x 10-lS rR
2

25.8Vnt
:::

f(1+2.7 1010r 2)

Amplifier 9 10-lS + 2.5 10-35 f2R
2

3.0x x V
na

Digitizer 4.65 x 10-10 (SfUnPs )
2

V
nd

21. 3
f

Total Noise V
N

35.5

Numerical Values T ::: 1.9S1 K M ::: .73 r ::: 2.0 )lA
0 s

R ::: 154 kst np ::: 5.6 llW m ::: .29
s

G ::: 23.S llW/k,
~

::: 1.0 Sf 1360 V/W

T 1300 nP
b

::: .69 llW f 500 Hzs
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(l~P) 2 =
4 x

x e
dx

where ~ is the solid angle collected from the source, c is the speed of

light, and h is Planck's constant. The integration variable is

-1
x = hVc/kT where V is the infrared frequency in cm • The integration

limits correspond to the upper and lower frequency limits of the

radiation being measured. Combining the two equations we get

(t~p) 2 = 8kTPM

where

x
H

4 x

f x e dx
(ex_l) 2

;KL
M =

J~
3

4
x

dxx
xL e -1

In this chapter we evaluate the sensitivity of absorption spectroscopy

-1 -1
in the two infrared spectral bands 0-1000 cm and 0-4000 cm For

the low frequency band the integral has the value M = 0.36 for the
s

source radiation and ~ = 0.77 for the room temperature thermal

background radiation. For the high frequency band we get M = 0.73
s

and ~ = 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

sensitivity of our experiment. In the present system excess noise from

the thermometer element and the digitizing electronics prevent us

from reaching this limit. Figure 14 shows the measured audio frequency



-75-

140.....--...--.-----,-----.--,--,---.-----r---.---.--------.

120

-100

~
)- 80
c

~ 60
'0
z
(J) 40
~
a::

20

I = 2 fLA

OL--_-i.-_-'--.L__.L--_--'--_--'-__..L.-_-,.L~--"---I----'---........J

14 }.---,...--,..----....,..----,---,----,-------,--,----,-----,

120

@IOO

~80
c......
Q)

.~ 60
o
z

~ 40
a::

\ 20

200

I = a

400 600
Frequency (Hz)

800 1000

XBL 78/2-6334

Fig. 14. Noise spectra of sample thermometer.
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noise spectrum of the thermometer signal for two different bias

currents with no radiation incident on the sample. For 1=0 the

responsivity Sf 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 1=2 ~ a frequency dependent noise appears. It is

too large to come from any of the fundamental sources so we conclude

that there is an extra noise mechanism associated with current flow

through the thermometer or its contacts. The empirical expression in

Table j for the mean squared thermometer voltage noise is accurate to

about 30% for the range of currents 0-10 ~ and resistances 0.1 to

0.5 Mn encountered in our experiments with this detector.

To the noise voltages on the detector signal we must add

contributions from the amplifier and digitizing electronics 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 data6l for the frequencies and 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 Vf = mnPsS f"

To dete~ne the effect of the sample-and-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, independent of the input signal, which we call the

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

by approximately 305 llV, the voltage resolution of th~ ADC. In effect
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the ADC has added a rand,om noise vOltage of rms value 305 llV and band-

width 6f to the input signal. The frequency spectrum of this excess

noise should then be flat and have magnitude 305/1M llv/IHZ. The

measured spectrum in the absence of an input signal confirms this

simple picture of ADC noise. To compare it with the other noise

voltages, which were all evaluated at the input of the preamplifier,

we divide this digitizing noise by the gain and get

v :::;
nd

30.5 mnPsSf

If;f

If the infrared frequencies of interest are modulated at frequency f,

then we typically detect a band of frequencies of width 6f :::; 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 coverage we now derive

an expression for the fractipnal noise on an absorption spectrum.

Consider a spectrum covering the·infrared band 0 to 2V where V

is the frequency of primary interest. A rapid scan Fourier spectrometer

will modulate this radiation at audio frequencies from 0 to 2f where

f = 2vv and v is the mirror velocity. We use the average modulation

frequency f to calculate the peak interferogram voltage Vf :::; mnPss f

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 frequenoy band 6V is Vf 6V/2V. The noise in
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the band is vN/,[f, where V
N

is the sum of all the noise terms in

Table 3 and ~f ~ f ~V/V. The frac~ional noise on the spectrum is

F

This noise increases as we decrease ~V 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

the signal V
f

and noise

-1V ~ 2000 cm , and ~V ~

V
N

from Tables 2 and

-1
2 cm , we calculate

3 and using f ~ 500 HZ,

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

t
s

L L
- + - + t
v v' r

where L is the distance traveled by the mirror, v is the mirror

velocity during data acquisition, v'is the velocity in the reverse

direction, and t is the time required to
r

In Fourier spectroscopy the scan length L

cha~ directions twice.
I

r~quired for a spectral

resolution ~V is L = 1/4~V.54 Using this expression and the measured

values v' = 2 cm/sec and t 0.8 sec we get
r

t
s

V 1
2~Vf + 86v + 0.8 sec.
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In a one hour measurement the number of interferograms accumulated

is 3600/t , and the noise is reduced by the square root of this
s

number. The resulting expression for the fractional noise is

F = VNV (4V+f+~.4f I::.V)1/2.012 -,,-
VflJ.V

(19)

In our numerical example 1900 interferograms are averaged in an hour

-5and the fractional noise is 5.2 x 10 or 52 parts per million (ppm).

The independent parameters entering Eq. (19) for the fractional

noise are Ro ' 1::., T
H

, C, G, n, Pb , P
s

' m, I, f, V, and I::.V. For each

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 computer calculations

to systematically 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 mnP. For sufficiently large signals
s

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

find that the digitizing noise limit is

= 7.2 x 10-7
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-1 -1
Again we use V = 2000 cm , 6v = 2 cm , 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
m (

kT M fVt )1/2s s s
np 6v

s

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

optical efficiency could increase the absorbed power by a factor of

20 to approximately 100 ~W. The source noise limit is then 3.5 ppm.

Our computer calculations using all the noise contributions in

Table 3 show that the present detector is nearly optimum for an experi-

-1
ment with 5.6 ~W of absorbed power in the spectral band 0-4000 em

If the absorbed power increases to 100 ~W the thermal conductance

2
parameter G

l
must be raised from 13 to 500 ~W/K to keep the sample

cold 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 f = 13 kHz which
o

is 20 times larger than the modulation frequencies produced by the

-6
spectrometer. If we increase the sample's heat capacity to 10 J/K,

corresponding to a 30 ~ 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 ~etection technique is not limited to thin evaporated

film samples~ A nickel sample 30 ~m thick can probably be ground from

a thicker single crystal. Thinner single crystals have been grown

62,63
epitaxially on alkali halide substrates.

In Chapter II we foqnd that infrared absorption by a nickel sample

-1is smallest in the spectral region below 1000 em, and it is here that

the absorption technique has its greatest advantage over reflection

spectroscopy. Our calculations show that for 2 ~W of absorbed power,

-1
a 2 cm resolution, and a 30 ~ thick sample, the total fractional

noise is 35 ppm. The sensitivity is virtually the same as in the high

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

infrared power from our soUrce lies below 1000 cm-
l

E. Measured Noise

Our estimates of the sensitivity 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 previous 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 variations 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

-1
on the spectral region 2400-2500 ern , where the structure is smallest,

we find after subtracting away the slope that there remains a fractional

rrns variation of approximately 500 ppm on a typical spectrum measured

with a resolution of 2 ern-I. Some of this structure is reproducible

and cancels when a reference spectrum of the clean metal surface is

subtracted. 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 sequence of spectra recorded

on the sarne 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 best spectra therefore had rrns variations of about

62 ppm of the baseline signal, and this is only slightly larger 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 quietest spectra these instabilities contribute a noise

voltage which is only a fraction of the total noise calculated 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 structure in the frequency spectrum of the spectrometer

signal may be interference effects caused by multiple reflections in

the bearnsplitter and other optical components. 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 variations on our measured spectra are roughly

four times larger than the calculated rms noise. An absorption line

must therefore have a peak 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 monolayer of randomly oriented, physically

adsorbed CO with a 6 em- l linewidth was shown in Chapter II to be about

2.5 percent of the background absorption by the nickel film. This

is 71 times larger than the minimum detectable signal. Chemisorbed

CO molecules are oriented perpendicular to the surface, and we show

in Chapter V that their infrared absorption appears to be enhanced by

the. interaction with nickel atoms. Both factors lead to a larger total

signal, however the absorption by chemisorbed molecules is spread

between several broader spectral lines so that the peak height and

signal-to-noise ratio are comparable to those observed for physically

adsorbed molecules.

The signal and noise amplitudes 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 of the metal and express them

as a fraction of the total incident radiation. The calculated absorption

by a cold nickel film at an angle of incidence of 82°, a frequency of

-1
2000 em , 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. The lowest peak-to-

peak noise level seen in a difference spectrum therefore corresponds

to an absorption of 53 ppm of the unpolarized incident beam. The best

published infrared reflection spectra of metal surfaces are those of

64
Bradshaw and Hoffman, 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

frequencies. Direct comparison of the sensitivity in the two experi-

ments is therefore difficult. However, the potential of the absorption

technique is clearly demonstrated. 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 development of our apparatus is

to stabilize the intensity and spectral characteristics of the radiation

incident on the sample from the spectrometer. The sensitivity will

then be limited by the thermometer and digitizing noise. We believe

that the excess thermometer rioise 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 of evap-

orated nickel films which show how the adsorption state of carbon

monoxide changes with temperature and surface coverage. For small

CO concentrations our results are consistent with recent electron energy

loss and infrared spectra of roo~ temperature single crystal samples.

By extending our measurements to lower temperatures and higher coverages

than have previously been studied, we observe new effects which demon-

strate the importance of repulsive forces between neighboring molecules

in determining the distribution of molecules among the available

adsorption sites.

1. Experimental Procedures and Results

The construction and mounting of the sample assembly for metal

film experiments and the design of the 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 A1
2
0

3
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 and

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 nickel. .. I

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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-11
and the system pressure at 9 x 10 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 between 77 K and 400 K by adjusting the heater

current. Five minutes were required to deposit approximately 200A

of nickel on the sample. The system pressure during the evaporation

-9
rose to 10 torr. The pressure 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 the leak valve to maintain a constant system pressure

-5on the order of 10 torr. The liquid helium transfer then began.

As soon as the cryostat temperature dropped below 77 K, the leak valve

was closed to end the gas exposure, and the sample heater was turned

off. The systero pressure then decreased immediately to 10-
9 torr and

-10
over a period of hours to 10 torr.

By maintaining a high co gas pressure during the five minute

interval between the end of the evaporation and the beginning of the

liquid helium transfer, we achieve a high equilibrium surface coverage

of carbon monoxide. The gas is pumped out as the temperature of the

cryostat begins to drop in order to prevent multilayer 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 evaporated

-5and then exposed to 2 x 10 torr of CO at a sample temperature of

77 K. The initial spectrum, labeled T = 77 K, is characteristic of

the surface state formed during the gas exposure. Three more spectra

of the same sample were measured after heating the crystal to succes-

sively higher temperatures for one minute intervals. Each measurement

is the average of 1000 spectrometer scans and required approximately

one hour to complete. The temperature was monitored by the copper-

constantan thermocouple soldered to the sample crystal. The CO molecules

were removed from the. metal film via argon ion bombardment (Section

III-A-2), and a spectrum of the clean nickel surface was then recorded.

In Fig. 15 this background spectrum has been subtracted from each of

the CO spectra to distinguish the molecular absorptions from other

spectral features. Sharp water vapor lines appear in the difference

spectra because the concentration of water vapor in the spectrometer

ch?nged during the course of the measurements. Comparison with

67
published high resolution water vapor spectra show that the calibra-

tion derived from the wavelength of the reference laser is accurate

-1 -1
to 0.5 cm and that the resolution is approximately 2 cm

The carbon monoxide absorptions labeled A, B, and C are due to

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.
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upon the results of previous experiments which are summarized in the

next section. Bonds involving one nickel atom are called linear bonds

while those linking the CO molecule to two or more nickel atoms are

called bridge bonds. The integrated strength of the three lines

decreases as the sample is heated and molecules desorb from the surface.

The dependence of the ~pectrum on temperature and surface coverage

is shown in more"detail in Fig. 16 which combines the results of experi-

ments on three different nickel films. The spectra labeled (a), (c),

(e), and (f) are from Fig. 15. Spectrum (d) is for a film evaporated

and exposed to 5 x 10-6" torr of CO at 290 K. The same film heated

to 310 K for three minutes produced spectrum (b). The sample in

spectrum (g) is a film cleaned by ion bombardment at 300 K, exposed

16 2to a total flux of 1.5 x 10 molecules/em at 2 K, and then heated

to 29.3 K for two minutes to remove most of the physically adsorbed

CO. The spectra are arranged from (a) to (g) in order of increasing

surface coverage. Gas exposures made at the lowest sample temperatures

were assumed to produce the highest coverages. Spectra (b) and (d)

are positioned relative to (a), (c), and (e) by assuming that the

frequency of line A increases monotonically with coverage. The fre-

quency v, linewidth 8.v,peak signal F, and integrated strength

I = I F dV for each line are listed in Table 4~ The signal strength

F is taken as the ratio of the peak carbon monoxide absorption to the

baseline absorption from the clean"nickel film. The vertical scale

in Fig. 16 is calibrated by ass"uming that the metal absorbs 15 per cent

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

Spectrum (a) (b) (c) (d) (e) (f) (g)

Line A

V 2036 2041 2054 2092 2103 2107 2106

tw 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

V 1919 1937 1958 1970 1971 1964 1949

6V 43 34 26 37 28 30 23

F .0031 .0093 .0173 .021 .0138 .0090 .0032

I .13 .32 .61 .84 .55 .46 .07

Line C

v 1815 1858 2000

6V 43 43 270

F .0041 .0038 .0048

I .18 .16 1.28

I .37 .74 1.03 1.60 1.42 1.44 1.77
Total
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In the sections which follow we will analyze in detail the sequence

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

transitions 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

intensities and frequency shifts with those predicted by the simple

dipole model of Chapter II.

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. Spectra (a) through (d) are consistent

with published results for room temperature single crystal and catalyst

samples. The absorption lines shift to higher frequencies with

increasing surface coverage because of the dipole-dipole interactions

between adsorbed molecules. Because only molecules with the same

vibrational frequency are coupled 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

lines A and B change as molecules 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 activated transitions between linear and

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 stable at high coverage. Finally we will discuss direct

intermolecular repulsion which can force molecules to occupy less stable

sites of intermediate bond character. Future experiments in which

the temperature and surface coverage are varied independently 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. 8 ,68 Catalyst samples consist of metal

crystals between 20 and 200A in diameter which are chemically deposited

on high surface area silica or alumina. Common features of most

spectral measurements of CO on nickel catalysts are strong absorptions

at the approximate positions of lines A and B in Fig. 16. The lines

are generally broader than we observe with measurable absorption

occurring out to 1800 cm-l

1900 em-I appears as a distinct band (line C) whose intensity is

comparable to that of the two high frequency bands. The details of

the measured spectra are effected by the structure and chemical pre-

. 69 70treatment of the metal part~cles, , by the composition of the

supporting medium,71 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

72
a range of different coverages.

The spectra of adsorbed carbon monoxide were first interpreted

7
by Eischens, et al., on the basis of the measured spectra of carbonyl

compounds in which CO groups are bonded through their carbon atoms

-1
Absorptions above 2000 cm

occur for "linear" bonds linking the CO molecule 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 perpendicular to the (100) and

73
(111) nickel faces and that the carbon atom is closest to the surface.

Recent measurements of the saturation magnetization of nickel catalyst

69samples support the picture of linear and bridge bonds on surfaces.

In these experiments a single nickel conduction band electron was found

to participate in the linear chemical bond associated with the 2070 cm- l

infrared absorption. Two electrons participated in the bridge bond

-1
producing the signal at 1930 em . Studies of compounds of the form

-1
Ni (CO) assign the absorption near 1930 em to a two center bondn m

Ni 2CO while lower frequencies are associated with three and four center

74
bonds.

75
Blyholder 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 ror

-1
the absorptions below 2000 cm Evidence for this is found in the

70
spectra of nickel catalysts. Samples with the smallest metal
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particles have the highest concentration of edge and corner sites and

the most prominent infrared absorption near 1800 cm-l

been found that CO molecules adsorbed on the edge sites of stepped

single crystals are the first to dissociate as the temperature is

. 76
1ncreased. The weakened c-o bond at these adsorption sites is

indirect evidence for a low vibrational frequency.

Although edge and corner sites may produce some of the low frequency

absorptions seen in polycrystalline samples, their concentration is

-1
too small to account for the strong lines detected below 2000 em on

well ordered single crystal surfaces. These lines must be attributed

to the bridge bonded molecules proposed by Eischens. For small coverages

77
of CO on Ni(lOO) at 173 K,Andersson has observed electron energy

-1 -1 -1
loss vibrations at 1930 em , 656 em and 358 em • The low frequency

modes are identified as the symmetric and asymmetric Ni-C stretching

vibrations expected for the Ni2CO surface species. The c-o stretching

vibration at 1930 em-I is in the expected position for a molecule bonded

to two nickel atoms. Warming the sample to 293 K caused the vibrations

-1 -1
of linearly bonded CO to appear at 2062 em and 479 cm along with

the bridge bond modes. Apparently the energy difference between the

two bonding configurations is small enough that excitations into the

linear state are possible at room temperature. This is inconsistent

with calculations done on Ni(lOO) which predict a much larger energy

. 78 79
difference on the order of an electron volt. '

When the surface coverage on Ni(lOO) is increased to e = 0.5 (one

80CO for every two Ni), a c(2X2) LEED pattern develops, and the
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energy loss spectrum shows only the presence of linearly bonded carbon

. 77 . .
monoxlde. Intenslty analysls of the LEED data also favors the linear

d
. . 81

bon lng slte. Adsorption energies are apparently modified to favor

the linear bond when the spacing between molecules decreases, and an

ordered array is formed.

The CO vibration at low coverage on Ni(lll) has been detected

8 5 -1. b h 82 d' . 83near 1 1 cm In ot ELS an lnfrared experlIDents. The low

frequency is evidence that molecules occupy the hollow sites on the

close packed lattice and are bonded to three nickel atoms. The energy

loss signal shifts to 1911 cm- l at e = 0.41,82 suggesting that a conver-

sion from three center to two center adsorption sites has occurred.

More detailed infrared spectra have been reported by Bradshaw and

64
Hoffman for CO on Pd(lll), a system which shows virtually the same

LEED patterns and vibrational frequencies as Ni(lll). 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-

46
dipole interactions between molecules, to the overlap of molecular

. 64 .. . . bwavefunctlons, and to lndlrect lnteractlons etween molecules due

47 7584
to their competition for bonding electrons from the substrate. ' ,

Theoretical work on interactions mediated by the substrate show that

such effects can contribute to the stability of the ordered structures

85
observed at high coverage.



-97-

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 are due to molecules occupying linear, two center, and three

center adsorption sites respectively. Bonds formed at four center

sites may also be stable on certain planes and contribute to either

line B or line C. In spectra (a) and (b) of Fig. 16, line C corresponds

. 82 83
to the vibrational mode observed at low coverage on N1(111).' For

the room temperature saturation coverage achieved in spectrum (d),

-1
the (Ill) absorptions are expected at 1915 and 2045 em where they

. 83
account for some of the intensity in lines Band A. 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 e = 0.5, and spread between the two at e 0.61.

Since this behavior is not apparent in our spectra, we conclude that

the surface of our polycrystalline s~ple cannot be treated as a col-

lection of perfectly ordered (Ill) and (100) faces. Data on other

nickel 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 frequency accounts for most

of the observed effect. The frequency shift increases approximately

linearly wi·th surface coverage. The splitting of line A in spectrum

(d) is evidence that linear bonds are present in different 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 (Ill) 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)

77
faces.

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 concentrations greater than approximately

1015 molecules/cm2 (8 = 0.53 on Ni(lll) or 8 = 0.69 on Ni(100)),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 expense of line B. Spectrum (g) shows,

in addition to lines A and B, a broad absorption between 1850 and

-1
2150 em 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 repulsive 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

have been measured for nickel films,87,88 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 70
linewidths observed in experiments on nickel catalysts.' There

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

70at the edges and corners of crystal faces in nickel catalyst samples.

The only effect of substrate disorder which we observe 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 evidence that the CO stretching frequency is determined primarily

by the number 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 further difficulty with

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

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

geometri9al area of the film.
88

,89 The interior surfaces occur at

the boundaries between crystal domains and are oriented approximately

perpendicular 'to the plane of the film. CO molecules chemisorbed on

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

the film, and they will not interact with the 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 wavelengths. Consequently,

only the molecules 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

. . d ., . . 89,90of a nlckel fllm an lncrease ltS average graln Slze. This tells

The bond energy as

us that nickel atoms diffuse across the surface much more slowly than

the adsorbed carbon monoxide molecules, which are highly mobile at

80
room temperature. The changes in our measured spectra which occur

after brief intervals of sample heating are therefore due to changes

in the CO layer rather than changes in the structure of the nickel

surface. Structural effects will be investigated in future experiments

by comparing the spectra of films evaporated at different sample

temperatures and by extending our measurements to single crystal

samples.

5. ~hermally Activated Transitions

The energy diagrams in Fig. 17 are helpful in analyzing the distri-

bution of molecules formed on the surface at different temperatures.

Figure 17a shows an approximate form for the energy of an isolated

carbon monoxide molecule as a function of the distance from the surface

as it approaches a linear bonding site XL' a bridge site X
B

, and an

intermediate site XI located between the linear and bridge positions.

The well depth determines the strength of the chemical bond and is

. f h bl' 92approxlmately 1 eV or t e most sta e sltes.

a function of position parallel to the surface is shown in Fig. 17b.
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Energy minima at the linear and bridge positions explain the tendency

of molecules to be localized at sites of high symmetry rather than at

random 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 populated at room temperature while bridge bonds will

be favored on a cooled sample. This is the behavior detected in ELS

for Ni (l00) .77

If we assume a small surface coverage so that there is no interac-

tion between molecules, then in thermal equilibrium at a temperature

T the ratio of the populations in the energy wells at the linear and

-E IkT
bridge sites is proportional to the Boltzman factor e 2 , where E

2

is the difference between the adsorption energies at the two sites.

An equilibrium distribution is achieved only if the molecules possess

sufficient thermal energy to overcome the energy barrier E
l

and switch

to a neighboring adsorption site. An approximate transition rate for

such a process is given by the equation

(20)

where VR is the vibrational frequency for motion of the molecule

parallel to the surface.

The first explanation 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 remain 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 surface. An approximate value

for E
l

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

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 for a barrier 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 ~2 in Fig. 17 of only a few

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

65
from gas phase measurements. 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 relative strengths

of the different chemical bonds formed with the nickel surface. This

effect may explain the shift toward linear bonding sites at high

coverage. Then we consider the direct repulsive forces which can

force molecules out of the energy wells pictured in Fig. l7b and onto
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lattice sites intermediate between the linear and bridge positions.

A d ' t th t d 't f CO h' ,75 1ccor J.ng 0 e accep e pJ.C ure 0 c errusorptJ.on, eectrons

*donated by the metallic substrate into the antibonding TI orbitals of

the molecule serve to strengthen the Ni-C bond, weaken the c-o bond,

and lower the c-o stretching frequency. Molecules bonded at three center

*sites must have the highest density of TI electrons since their vibra-

tional frequencies are farthest from those of the free molecule.

*Molecules at linear sites have the smallest TI density. Electrons in

TI* orbitals are concentrated away from the molecular axis and experience

the strongest coulomb interaction with electrons of neighboring molecules.

At high coverages the repulsive coulomb interaction may force these

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

for the continuous shifts to higher frequencies observed for each

spectral line as the surface coverage increases.
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 E1 in Fig. 17 which is less than about 0.2 eV.

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 close-packed hexagonal array , wJ.th a

lattice constant which is larger than the 2.49 A nearest neighbor
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distance of the nickel atoms. Distortions 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 determined 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 low 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 width of the potential energy well may be a more

important factor favoring linear bonds at high coverage than their low

*density of TI electrons.

As additional molecules are adsorbed, coulomb repulsion grows

stronger and it becomes more difficult to distort the CO lattice. We

then expect less localization of the CO molecules on the 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 em-
l

Evidently the molecules causing this absorption occupy 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 surface coverage necessary to see this

effect was achieved by exposing 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 molecules physically adsorbed on top of the chemisorbed layer.

The peaks labeled P are due to the remaining physisorbed 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 atom to form a linear bond. A

tipping of the c-o 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

interactions between molecules. Evidence from· other experiments favors

the explanation in terms of intermolecular repUlsion. First, Tracy's

80 . d' . h h b' 11 fLEED measurements ln lcate t at t e energy arrlers are sma or

surface diffusion of CO molecules on Ni(lOO) and that thermal equili-

brium can be achieved at sample temperatures as low as 77 K. Second

is the fact that infrared experiments
64

on Pd(lll) show that CO molecules

switch from three center to two center adsorption sites at relatively

low surface coverages. This transition occurs on a room temperature

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 coverages seem to be the second

step in the conversion from three center to linear bonds which occurs

on (Ill) faces as molecules are packed together more closely.

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 be made in which t~e, sample temperature, and surface

coverage are varied independently of each other. For example, we can

eliminate the effects of intermolecular re1?ulsion 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 calculated 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 measurements 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 precisely and to preserve

nonequilibrium chemical states at low temperature during spectral

measurements.

7. Intensities and Line Shifts

Finally we compare the line s~rengths and frequency shifts observed

in Fig. 16 with the predictions of the dipole model developed in

Chapter II. There we found that tOe absorption signal saturates at

high coverages due to the screening 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

is 1.6
-1

and the should approximately 101S/cm2
cm coverage be 1.1 x ,

the maximum attainable for.a temperature
92

Usingroom gas exposure.



The shift obse~ed between spectra (a)

-108-

the dipole parameters of a free CO molecule and a linewidth of 30 em-I

the calculated integrated absorption strength for molecules arranged

-1
in a square array on the surface is 0.50 cm • The measuted infrared

absorption 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 such that the matrix element

for the transition or the effective dipole chargeq 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 and probably has a

larger value of q. This may explain why the integrated strength in

spectrum (d), which shows a larger number of bridge bonds, is greater"

than in spectrum (f) even though the total surface coverage in (f) is

higher.

Equation (10) shows that the dipole-dipole frequency shift depends

upon the charge q and will be increased by the same factor as the

absorption strength. Numerical calculations based upon the model of

Chapter II predict a 45 cm-l shift for a coverage of 1.1 x 1015/em2

and a linewidth of 30 em-I

and (d) is 50 cmcl for line B and 55 cm-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 uncertain and because

. 47 64 75other mechanisms can contribute to the measured sh~fts. " 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(lll) based upon the spectra of different isotopic mixtures

of co. 46

B. Physically Adsorbed Carbon Monoxide

physical adsorption 'is the result of the attractive vander Waals

. . b d 1 . 93lnteractl0n etween atoms an mo ecules. The weak dipole electric

fields which produce these bonds have little effect on the molecular

wave functions, and vibrational frequencies occur very close to those

of the :tree molecule. In a series of experiments we have used'the high

sensitivity and spectral resolution, and the precise temperature

control of our apparatus to investigate the different states of phys~cal-

ly adsorbed carbon monoxide in both monolayer and multilayer films.

The procedures of Section V-A-l were 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 molecules bound to the substrate in several configurations.

Successive layers form a crystal lattice whose structure appears to

change when the sample:isannealed at .approximately,22 K.

1. Monolayer Films

Figure 18 shows three spectra of a nickel film evaporated and

initially exposed to 5 x 10-
6

Torr of co at 300 K and then exposed to

15 2
a total flux of 1.9 x 10 co molecules/em at 2 K. The strong

absorption line at 2142.5 cm-
l

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 K and 22.4 K.
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into three weaker lines after heating the sample 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 monolayer is taken as 7.6 x l014/em2 which is the two

thirds power of the measured volume density of 2.2 x l022/em3 for solid

CO.

The absorption lines in Fig. 18 are shifted from the frequency

of the unperturbed c-o vibration due to the weak interactions between

the adsorbed molecules.
-1

Negative frequency shifts of 4 to 5 cm have

94
been observed for CO diluted in solid N2, Ar, and CH4 . This solvent

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 produces positive frequency shifts. In Chapter

II it was shown that the magnitude of this shift is approximately

2.5 em- l for the molecules vibrating perpendicular to the surface. The

net effect of the solvent shift and the dipole shift is to produce the

-1 -1
absorption line at 2142.5 em for T = 2 K and at 2141.4 em 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 the surface after heating

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

-1
2162 cm 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

8
temperature on a variety of catalyst samples. A chemical interaction

involving the transfer of electrons from the CO molecule to the substrate

h b d th f h f h 'ft 8,95 das een propose as e reason or t ese requency s 1 s, an

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

2. Multilayer Films

Figure 19 shows the spectra of a multilayer carbon monoxide film.

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

. 5 16 1 I 2 d' f' f h .w1th 1. x 10 CO molecu es cm pro uC1ng a 1rst layer 0 c em1sorbed

molecules plus approximately 18 layers 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.

maintained a nearly constant intensity.

-1
The weaker line at 2138 em

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 the absorptions due to the

chemisorbed molecules are visible between 1850 and 2150 cm-l The

remaining physisorbed molecules cause the lines labeled P in Fig. 16g.

The line shapes differ from those of Fig. 18 because of the presence

-1
of a sharp absorption line at 2142 cm in the spectrum of the radiation

incident on the sample. Some of this radiation reflects off of the

optical baffles (Fig. 9) before hitting the sample. Carbon monoxide

molecules condensed on these baffles during the low temperature gas

-1
exposure absorb radiation at 2142 cm and cause a 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

-1
the main absorption occur at 2137.8, 2141.3, and 2144.3 cm 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 10
16

CO molecules/cm
2

at 2 K and heated to 22.8 K for one minute. The strong line at

-1
2092 cm ,which also appears in Fig. 19, and the weaker ones at 2088

d 2112· -1 . f h . .. 13 16 12 18 d 12 17an cm ar1se rom t e CO 1sotopes CO, CO, an CO.

-1
The broad feature centered at 2200 cm is caused by the simultaneous

/

excitation of the CO stretching vibration and the various low frequency

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

just belowthe frequency of the main CO resonance represents a decrease
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Fig. 20. Magnified spectrum of a multilayer CO film.
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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

thicker films.
48

,94 The multiple line structure of the main resonance

has not been seen before.

Of the four multilayer CO films which we studied, all showed the

-1 -1
initial strong absorption at 2142 em with a weaker feature at 2138 em

which sharpens after heating the sample. Only two of the CO films con-

verted to the state with three weak absorptions. Only the 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.

Carbon monoxide crystallizes in an fcc lattice with four

inequivalent molecules per cubic cel196 and four modes of coupled

molecular vibration.
97

Fox and Hexter . show that the three modes which

are optically active have the same frequency and an isotropic polari-

zability. We can therefore calculate the absorption 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 the

calculated frequency dependence of the absorption signal assuming a

-1
resonant frequency of 2143 em and linewidths ranging from 5.0 to

-1
0.02 cm . 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

-1
each frequency is averaged over a 2 em band to simulate the effect

of the finite resolution of the infrared spectrometer. The horizontal

and vertical scales are the same in Fig. 19 and Fig. 21 to facilitate

comparison.

The calculated absorption signal decreases in intensity as the

-1
width of the molecular resonance changes from 0.2 to 0.02 cm The

reason is that for small linewidths the peak polarizability from

Eq. (1) is so large that nearly all of the incident power polarized

parallel to the plane of incidence is absorbed. Since the peak absorp-

tion has reached the saturation level and is independent of linewidth,

-1
the total absorbed power and the peak power at2 em resolution must

both increase with linewidth. By comparing the line strengths in the

calculated and measured spectra, we conclude that disorder in the

initial deposit of carbon monoxide produces an infrared linewidth of

-1
approximately 3 cm Annealing the film can improve the lattice order

-1
and reduce the linewidth to approximately 0.1 cm 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
-1

V
L

= 2146 cm in Fig. 21

is caused by oscillating dipoles oriented perpendicular to the plane

of the film. The positive frequency shift from 2143 em-I is the same

dipole shift encountered in the speci:ra of monolayer films. Dipoles
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-1parallel to the film produce an absorption at V = 2140.5 em
T

which is much weaker because at a metal surface the electric field

components with this polarization are very small. The absorptions at

VT and V
L

occur at the frequencies of the transverse optical (TO) and

longitudinal optical (LO) phonon modes of the carbon monoxide lattice.

Berreman's experiments on room temperature LiF films were the first

to demonstrate that infrared absorptions can occur at both phonon

f
. 98

requencles.

The peak absorptions in the calculated spectra appear approximately

-1
4 em above the measured values in Fig. 19 because we did not include

the solvent shift in our theoretical model. The measured splitting

-1
between V

T
and V

L
for the sample heated to 24.0 K is 4.1 em while

the calculated value is 5.5 cm-
l

for ~V = 0.2 cm-
l The agreement

between the shapes of these two spectra would be better if a weak

-1
feature with a 5 em bandwidth were added to the calculated spectrum

to account for residual disorder and surface effects.

The 3 cm- l splitting of the LO absorption shown in Fig. 19 at

T = 21.8K and in Fig. 20 is inoonsistent with our calculations. It

suggests that, along with the narrowing of the spectral lines, there

is a transition to a more complicated crystal structure. This could

be either a cubic lattice with more than one set of TO and LO phonon

modes or a noncubic lattice whose infrared spectrum would depend upon

the orientation of the crystal axes relative to the plane of the film.

Heat capacity99 and x-ray diffraction measurements
96

show that solid

carbon monoxide undergoes a phase transition from an fcc to an hcp



A more interesting process is the conver-
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lattice structure when it is heated above 61.6 K. The infrared line-

"dth b d . f 1 5 14 -1 h h' , , 25w~ rOa ens rom • to . em w en t ~s trans~t~on occurs. Our

spectra provide the only evidence of a second stable low temperature

phase, and we can only speculate about its nature. Entropy measurements

reveal that there is some residual qisorder in the usual low temperature

99
phase. . 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 exist another

crystal structure in which these dipole moments 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 demon-
.
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 V
R

= 50 cm-1 in Eq. (20) yield an activation

energy for desorption of the physically adsorbed molecules of 0.068 eV.

This is consistent with the published value of 0.061 eV/molecule for

h h f
,,100

t e eat 0 vapor~zat~on.

sion of physically adsorbed mOlecules to the more stable chemically

adsorbed state. Magnified plots of the data in Fig. 19 (as shown in

-1
Fig. 16g) show a line at 2100 em from chemisorbed carbon monoxide

even in the spectrum measured immediately after the initial gas exposure

at 2 K. This means that no act~vation energy in excess of the kinetic



-121-

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 per cent in the final stages of sample heating as some of

the physisorbed molecules converted to the chemisorbed state. The

activation energy for this process is therefore comparable to the

desorption 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
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The promise of our apparatus is its potential for detecting

infrared absorptions smaller than one part in 10
4

of the incident

radiation. This is the noise limit of our present 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 conclude that improvements 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-
l

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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