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ABSTRACT

The surface plasinon dispersion relation for the (100) surface plane of

aluminum has been measured by electron energy loss spectroscopy at glancing

incidence, which completely suppresses the volume plasmon and minimizes

multiple scattering. The dispersion re1ationship
~ 

in. p
_
owers of k~ VF/uP,

is tw~ , — 10.34 (±0.08) — l.9( ±0.6)k1~+ 7(±l)k11
2 
. This relationshi~~ com—

pares favorably with the only other measurement (made by a different tech-

nique, ILEED) on a well characterized single crystal surface. The results

of the two independent measurements disagree substantially with all of the

numerous dispersion relationships which are computed for different models of

the surface charge density profile and which employ different computational

approximations. However, the negative sign of the linear coefficient (—1.9),

which is related to the density fluctuation of surface plasmons, is es-

tablished and it may be interpreted to mean that the maximum in the surface

charge fluctuation occurs inside the metal, rather than syninetrically about

the surface plane.

An appendix describes the effect of adsorbed oxygen on the energy loss

spectra obtained from a clean surface. The surface plasinon peak at 10.3 eV is

displaced by a new peak at 7.5 eV as oxygen exposure (torr—seconds) is increased.

At large exposure of oxygen a broad peak appears at 20.6 eV. Plasmon dis—

persion was measured~~~~k 
~ 

— 0.33 A~~~during oxygen exposure and it was

found to be constant until the 10.3 eV plasinon peak disappears from the

spectrum. 
~~~~~~~~~~~~

~“ ~“ ‘
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INTRODUCTION

Motivation

Physical properties that depend on the electron distribution at a

surface include the work function, the surface energy , surface plasmons and

surface phonons. In the vicinity of the surface, the electron wave function

has an exponential tail, which gives rise to a region of nonuniform electron

density in the surface layer, Fig. 1. In the surface layer, the background

charge is not compensated and a dipole layer is formed at the surface. This

dipole layer in turn gives rise to a potential step, Vdipole~ 
which is an

important contribution to the work function 4).

The restoring electric field which sustains the surface plasma oscil-

lation extends beyond the boundary of the specimen, in contrast to the

volume plasma oscillation which is confined in the bulk material. The range

of this field varies with the wave vector of surface plasmons; therefore,

the surface plasmon dispersion relationship (SPDR) can probe the electron

distribution at the surface. In addition, a surface plasmon can. be affected

by the state of the surface, for example, by the presence of a second corn—

ponent at the vacuum interface and by the crystal structure of the surface

plane. Furthermore , the excitation of surface plasinons is important because

the creation of surface plasmons is the principal inelastic process contri-

buting to the short mean free path of electrons that makes surface analytical

techniques possible.

We chose the (100) plane of aluminum as the sample for these measure-

ments for several reasons. One is that A]. is a nearly free electron metal

and has been the subject of extensive theoretical studies. Furthermore,
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3

surface plasinons and volume plasinons in A] are well defined and identified.

Another reason is that our laboratory has extensive LEED and ABS experience

in the structural properties and chemical composition of A1 (lOO) and in. the

preparation of a clean Al (l0O) surface.

Energy Loss Spectroscopy at Glancing Incidence

Surface plasmons appear in a variety of physical situations, for

example, as satellite lines in x—ray photoelectron spectroscopy (XI’S), in

electron and ion yield spectroscopy , in optical reflectance of solids , in

energy loss spectra of fast electrons passing through thin films and of

slow electrons reflecting from surfaces.

To maximize the effects from the surface and to minimize the com-

plicating factor of multiple scattering in the bulk material, the incident

electrons are directed to the surface at a glancing angle , 8 .  Figure 2

shows the geometry of the experimental arrangement. The sample normal is

the z—axis , and x— and y—axis are along the <11> crystallographic directions ,

which are the most closely packed directions in the (100) plane .

To simplify theoretical analysis, the analyzer is situated in the

plane of incidence , defined by the direction of the incoming electrons and

the normal to the surface. The penetration depth is therefore proportional 
S

to AsinO0, where A is the mean free path of the electron ; the information

depth is roughly half of this because the electrons must be reflected from

the surface to be detected. Only the first and the second layers of atoms

on the surface are involved in the scattering process when ~ 
100 and the

intensity of the surface effect increases by l/sin80 at glancing incidence ,

relative to normal incidence .
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Scope of the Present Investigation

To study properties of surface plasmons in angle—resolved , electron

energy loss spectroscopy at glancing incidence , we have designed and

built a spectrometer system which is housed in an ultra—high vacuum chamber.

The spectrometer system consists of an electron gun , a rotating sample

holder , and an energy analyzer.

We first investigate the clean aluminum surface, measuring the SPDR

and comparing it with various theoretical calculations.

In the course of measuring SPDR on the clean sample, we found that

SPDR is a sensitive function of the cleanliness (oxygen) of the sample.

To evaluate the sensitivity to oxygen adsorption , plasmon spectra were ob-

tained as a function of oxygen concentration , temperature and time.

Surface Plasnions

We first define what is meant by a collective excitation as compared

to a single particle excitation. When the mutual influence of Coulomb in-

teractions among the valence electrons in a solid is small, the excitation

spectrum of the valence electrons can be characterized by a set of one

particle energy differences , corresponding to electronic transitions within

the same band or from one band to another. When such transitions are

excited by incident electrons we are dealing with energy transfer to a

single valence electron , namely, a single particle energy loss.

However, in many cases, the Coulomb interaction between the valence

electrons is strong and markedly influences the excitation spectrum of the

system. The valence electrons as a result can carry out collective oscil-

lations at high frequencies, which depend only on the electron charge, mass

b
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~
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6

and density in the solid. When an electron excites such collective oscil-

lations, we are dealing with energy transfer to a number of electrons

moving cooperatively. The collective oscillation resembles closely the

natural density oscillation of a charged fluid——a plasma, studied by

Langmuir in the 1920’s. Bohm and Pines
2 
in 1952 proposed the term plasmon

to designate the quantum of this collective oscillation in a solid.

Surface charge density oscillations can also occur at the boundary of

a solid (or liquid) and the quantum of such oscillations is a surface

plasmon, predicted by Ritchie
3 
in 1957 in analyzing the energy loss spectra

of fast electrons through thin films. Powell and Swan4 subsequently

verified the existence of surface plasmons in Al and Mg. S

Many theoretical papers5 7  
have confirmed that at k 11 0 limit (neglect-

ing retardation) the surface plasmon frequency is the classical frequency,

u~/ ~~ independent of the surface potential profile. The observation of

the limiting frequency, therefore , contains no information about the surface

properties , and one has to study the behavior of surface plasmons at larger

k
f, 
(~ 0.1 A~~). However , at much larger k11 

, or shorter wavelength , the
plasmons of volume and surface origins lose their collective character when 

S

their wavelength is comparable to the mean distance between electrons. Thus,

the significant range in which the surface structure and the electron den-

sity profile is probed is 0.1 A 1<k< 0.6 A
1
, Fig. 3.

More precisely, if the phase velocity, w~ /k 1 of the volume or surface

plasma waves reaches the velocity of the electrons, energy transfer takes

place . The plasmons are damped by losing energy to the electrons . In an

electron gas the critical wave vector k
C 

for the existence of surface plasmons

is therefore ‘
~ 
u /v s, where is the Fermi velocity of the electrons .

I b
-
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0_j  O _].
Hence, for 0.1 A < k 11 << k

C 
~ 1 A the surface plasmon dispersion

relation (SPDR) can be expanded in powers of k v
F
/u :

- —i + (A1 + iA2) uI _!_ + (B1 + iB2 ) ( 
k~ v

F) + •..] (1)

Harris and Griffin8 have shown that within the quantum—mechanical

random—phase—approximation (RPA), the linear coefficient A
1 is due to

structure in the surface and is related to the charge dipole associated

with the density fluctuation of surface plasmons. The sign of A
1 depends

on where the surface plasmon charge fluctuation , which is strongly peaked

S 
near the surface , is located with respect to the unperturbed density pro—

file n (z), as shown in Fig. 4.

Many calculations exist for the SPDR in R~A , hydrodynainic approximation,

or semiclassical approximation, using model surface potentials ranging from

infinite barrier , step function , diffuse profile, trapezoidal s1iape to a

self—consistent surface potential in jellium models. These calculations

and the Harris—Griffin. relation will be discussed and compared with the

experimental data.

Previous Experimental Results

Kloos and Raether9, in their high energy (50 keV) electron transmission

• experiment, measured the SPDR for an aluminum film up to k 11 0.28 A 1 and

observed no change in the surface plasmon energy . More recently, Krane and
• 

Raether1° extended that measurement to k~ 1 — 0.47 A~~ and observ ..d an in-

crease In the surface plasmon energy at higher k
11 

. Duke and his coworkers

have extracted the SPDR for Al(l0O)~~ and Al ( lil)’2~~
4 crystal planes from

- — . S — - -~~~~ __S_ —~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S~ 5— - ~~~~~ •S - 5 5 
~~~~~~~~~~~~~~~~~~~~~~~~ — 
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the inelastic low energy (150 eV) electron diffraction (ILEED) data taken

15—17 18by Porteus and Faith and Wendelken and his coworkers

In the high energy electron transmission method , the momentum of

the surface plastnon k11 can be measured directly from the scattering angle

0 because k ,  — k tanG k 0 where k is the momentum of the incidentii in in in

electrons . The angle 8 is usually less than 50 • The angular resolution is

good, but the accuracy and resolution of the transmission method are limited

by the necessity of using high energy electrons with the consequence that

the mean free path of the incident electrons is of the same order of magni-

tude as, or greater than, the thickness of the film. The energy loss Is

of the order of a few electron volts and quite small compared to the 50 keV

energy of the incident electrons. Furthermore , the sample has to be thin

(
~ 250 A) and is evaporated onto a substrate . The sample is a polycrystal—

line film so that the surface is not well characterized , and there is a

problem of separating the surface effects from the substrate.

In the ILEED experiments the sample can be well characterized , and

different orientations of a single crystal and adsorption of foreign atoms

can be studied. However, the ILEED intensities are associated with elastic

LEED resonances where multiple scattering precludes a simple theoretical

analysis . To extract the SPDR from these data is, therefore , a very con—

plicated procedure .

0

S 

The Effect of Impurity Adsorption on Surface Plasmons

S When the surface of a Bemi—infinlte plasma is bounded by a dielectric

layer of f i n i t e  thickness r , bey ond which there is a vacuum , the surface

plasmon s have a disper sion relation (derived by Stern and Ferreil19): 

_  
Sb

~~~ —- 5- —5---- -



1/2 11

r c+tanh k11 1
w I I (2)

~ ~ L 2c + (1 + c2) tanh k
1 ~t J

In the limit r -
~~ ~, Eqn . (2) reduces to w~I /1 + c .  In. the limit c -

~ 1 or

T -
~ 0 , Eqn . (2) reduces to w /  I~. Murata and OhtanI 2° have used Eqn . (2)

to determine the oxide thickness on aluminum by assuming a dielectric con-

stant for -the surface oxide. However, it is not clear whether the concept

of dielectric constant is meaningful when the thickness is below some critical

thickness, especially when the oxygen species is at aubmonolayer or mono—

layer coverage . 
S

0
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DESIGN AND OPERATING CHARACTERISTICS OF APPARATUS

Desiln Considerations

To minimize the effect of surface roughness due to the large sampling S

area at glancing incidence , the incident electron beam should be focused

to very small diameter. For example, at 0 — 40 the beam sampling area is

14 times the beam width . Hence, the design aims for “~ 0.1 beam width

because the size of the sample is “ 1.2 cm in diameter. Because the aim

of this study is surface plasmon excitations , which have a large energy

loss ( ‘~l0 eV for aluminum), measured at off—specular directions, where

the counting rate is expected to be low, the electron gun should produce

reasonably high current , given the limitation of the small beam size, and ,

therefore , is not monochromatized . However , to lower the beam energy

spread , an indirectly heated oxide cathode is operated at lower temperature

( ~ l000 C) than a directly heated thoriated tungsten filament. The beam

exhibits Maxwell energy distribution whose full width at half maximum (FWHM)

is given by AEK 
— 2.54 kBT. Thus the incident energy spread is ~“ 0.22 eV.

Additional energy spreads are possible , however , due to fringe fiel ds.

Because of possible noise problems from rotating the Channeltron

electron multiplier which is operated at “ 3.5 kV and possible entanglement

of many wires, the analyzer is fixed in position . The electron gun and the

sample rotate about the vertical axis. To achieve energy resolution con—

parable to the cathode energy spread and to have a uniform angular resolution

in our angular scattering experiment as well as high t i nsmission efficiency,

a hemispherical electrostatic energy analyzer , which possesses two—dimensional

focusing, is used . Because of the space limitation , its mean radius is 2.54 cm.

S To be sure that the axis of rotation of the sample and the electron. gun

- — —5- - - —_.
~‘•_~•• ____  — ~~~~~~~~~~~~ 

ss ~ -
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coincide and to facilitate aligiunent uBing lasers, the electron gun, the

analyzer and the sample are mounted on the same Wheeler flange. In this

arrangement they can be aligned outside the vacuum envelope and then lowered

into the vacuum chamber. Figures 5 and 6 show respectively a photograph

and a schematic diagram of the apparatus.

Vacuum System

The chamber is a stainless steel cylindrical ultrahigh vacuum chamber

30 cm in diameter and 47 liters of volume. The system is first pumped from

atmospheric pressure down to ~“ 10~.z by means of two Varian Vacsorb zeolite

cryogenic sorption pumps . At this pressure the titanium sublimation pump

filaments are degassed and the 140 1/s Varian ion pump is turned on. When

the pressure reaches ‘~‘ lO~~ Torr, the pump is baked at ‘\ 125°C for several

hours. When the pressure is ~ 10 8 
Torr, the system is baked with heating

S tapes at about 150°C for about 24 hours. During the bakeout the filaments

of titanium sublimation pump and electron gun and ion bombardment gun as

well as the sample and sample holder are outgassed. Thus the base pressure

is ~ 6 x i0~~~ Torr when the system is at room temperature after two days.

When the cryopanel is filled with liquid nitrogen , the pressure reaches to

~ 2 ~ iO~~° Torr. However, the operating pressure is “~ 1 x lO~~ Torr about

two to three hours after pump :;ng out argon (from sample cleaning).

To study oxygen adsorption and to use argon for ion sputter—cleaning

• the sample, a manifold pumped by a Vacsorb pump and a small Varian 8 1/s

ion pump was constructed. A Varian leak valve connects the manifold to the

main chamber.

- —_ .  -—-  ~~~~ - ~r-~ - -~~~~~ -- — - - - - - -
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Fig . 5 A photograph of the apparatus .
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Electron Gun

Figure 6 shows an inside view of the electron gun. Electrons are

accelerated toward the grounded anode, passing through a “diode”, which S

adjus t s the emission current. The anode contains an aperture 0.63 in

diameter which, together with G4 (0.13 aperture), collimates the bean .

Inside this region there are two sets of deflector plates which are used

to steer the beam, compensating any electron trajectory deviation due to

fringing field or stray magnetic field.

After collimation, the electrons pass through a zoom lens, Gl—C3,

Fig. 6. The zoom lens operates in the Einzel mode , i.e., G3 is grounded ,

and G2 is the focusing electrode . For the gun A • D — 3.8 ~ n so that over-

all length of the gun is “~ 4—5 cm. When V(G2) — 0.92 x V(cathode), the

beam is focused on the sample with unit magnification at about 3.18 cm from

G2. This is verified by testing the electron gun in a bell—jar and observing

the beam spot on a ZnS screen positioned where the sample would be , with

larger aperture G4 (1.3 mm). The bean size in this case is about 1 mm . The

angle of divergence at the sample is calculated to be 0.5°, and the spherical

aberration is small.

The electrodes are made of molybdenum to ensure uniform work function

throughout the gun and to minimize the effects of surface potential of the

electrodes. They are separated and insulated by 0.76 mm diameter sapphire

balls.

Energy Analyzer

Figure 6 shows the construction of the hemispherical electrostatic

energy analyzer which was first worked out by Purcell 21. It is a modified

____  _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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version of the Boness and Schulz analyzer
22
. The energy resolution is of

course finite , depending on analyzing energy , instrument geometry, and

operating conditions :

2w/2R + a /2 ,

where w is the aperture diameter and a the angular divergence about the

central ray of the entering beam.

There are two methods of operating the energy analyzer. One is

sweeping the analyzing energy E
A~ 

the other is analyzing at a constant

energy E
A with pre—retardation . The advantage of the first method is its

simplicity of operation and constant transmission , but the disadvantage is

a varying energy resolution. The second method was adopted for its con—

stant energy resolution over the entire spectral range.

Following Simpson
23 

we employ a virtual aperture design , i.e., there

are no physical apertures in the entrance and the exit planes. Instead ,

these planes are imaged by the electron lens onto physical apertures at

much higher potential than exist in the spherical deflector . In this design

the secondary electrons produced at the aperture are prevented from reaching

the spherical deflector . Signal to noise ratio , therefore , is improved.

Because of the space limitation , the mean radius of the energy

S analyzer is set at 2.54 cm, and the overall length is about 7.6 cm. -The I

inner and outer radii are chosen so that the maximum deviation from the

central ray is 2/3.- This is calculated from the equation given by Kuvatt

24and Simpson for the maximum deviation of the bean in the spherical

capacitor from the central ray of radius R0
:.

* 
b
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Va AE 2 w AE 2 1/2
R0 

—j--—+ [a ~~~ 2R + 
~~~~~~

Therefore , R1 and R
2 are 1.90 cm and 3.18 cm respectively. The diameter

of entrance end exit apertures, A7 ’ and All , are equal and such that

3%. A smaller ratio can be obtained only at the expense of detection

efficiency which could not be reduced in the present experiments where a

minimum counting time is necessary to maintain a clean surface.

The incident energy ranges from 100 eV to 1 kV, and we want to analyze

electrons at about 10 eV , with AE of 0.3 eV, comparable to the energy spread

of the electrons from the indirectly heated cathode . An asymmetric three—

aperture zoom lens focuses scattered electrons to the physical aperture A7’.

Then the tube lens, consisting of A7 and P, focuses these electrons to the

entrance plane of the hemispherical analyzer. After the electrons go through

the energy dispersive deflector , they are focused from the exit plane to the

physical aperture All by a similar tube lens , but operated in reverse. Then

the electrons , after going through the grid for still further background

reduction , are detected by the Channeltron electron multiplier.
I

Detection Electronics

The major electronic components for  the analyzer have been described S

by Fraser et ~i
25 

Our operation is slightly different from theirs , as

shown in. Fig. 7. The retarding sweep voltage is reproducibly synchronized

with the address advance of a 1024—channel Nicolet multichartnel analyzer

(MCA). Sweep control and data storage are provided by combining functions

of the MCA and a “hard—wired ” voltage programmer. All programming is done

digitall y and then converted to an analogue signal by a 15 bit digital—to—

b
- - —~, •.S_•~~__ •___ ~ 5S~~
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Fig . 7 Detection electronics.
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analogue converter (Analog Devices). A modified Kepco high voltage opera-

tional power supply amplifies the output of the programmer to a maximum

of —2.0 kV.

The Channeltron electron multiplier is used for its small size and

high gain and is operated in the pulse mode . The pulse mode provides a

great increase in sensitivity over analogue measurements and can also be

made relatively insensitive to shifts in the gain of the electron multi-

plier which could occur during gas adsorption experiments. The output ,

typically negative pulses of amplitude 20 mV and 15 nsec width , is coupled

by an isolation transformer (to eliminate the high DC level) to the input

of a pulse amp l i f ier  discriminator designed to convert the signal to pulses

of +5 V amp l i tude and 400 nsec durat ion . These output pulses are then

sto red in the memory of the MCA.

Pulse counting with repetitive retarding energy sweeps is used to

incr ease t he signal—to—noise ratio . For random events, the signal—to—noise

ratio increases as 1c, where N is the number of events. Af te r  a suitable

time , usually when N for a surface plasmon peak is ~ 10
+5 counts, one ob—

tains a spectrum of electrons counted vs memory address (retarding voltage).

This informat ion can then be displayed on an oscilloscope , p lotted on x—y

poi n t p lo t te r , o r punched on paper tape.

Samp le Preparation and Cleaning

A high pur i ty  sin gle crystal aluminum sample 1.27 cm in diameter and

0.32 cm thick was spark—cut and etched for  about one minute in 70% phosp ho r ic

acid , 25% sulfuric  acid and 5% nitric acid (by volume) at 68°C. Then , on

the back side of the sample, a blind hole was spark—drilled and tapped for

the mounting screw. The x—ray Laue pattern shows that the sample was Cut

b
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to about 1° of the (100) plane. Then the sample was polished by hand with

1~ and l/4p diamond paste, and then electropolished in 90 ml distilled

water, 525 ml ethanol, 25 ml 2—butoxyethanol, and 59 ml perchioric acid

at 2.0 ± 0.2 Amperes current for 4 seconds.

Final cleaning was effected inside the chamber. When the sample was

in vacuum (
~, l0’~ Torr), the anodic oxide was removed in situ by an ac-

cumulated total of 48 hours of argon ion bombardment with ion energy 740 eV S

at current level of 0.5~jA at the sample, followed by 12 hour s of annealing

at about 450°C. The cleanliness is monitored by aurface plasmon energy

and its dispersion . When the surface is di r ty there is no sur face p lasmon

peak , only a broad peak at 22 eV. When the surface is clean, the surface

plasmon peak appears . Burkstrand
26 

claimed that the most sensitive test

of a change in. the surface condition appears to be the reproducibil i ty of

the surface plasmon angular and loss profiles. Changes in the peak positions

and intensities can be measured with about 0.02 and 0.03 monolayers coverage

of ba ckgroun d (mostly H
2

) gases.

To be able to rotate the sample nearly 360° without the heating wires

and thermo couple wires touching one ano ther , we have const ructed a samp le

- holder as shown in Fig. 8 such that two #10 copper heater rods and the

ch romel—constantan thermocouple wires are fixed inside the centra l  s h a f t .

Resistive heating is achieved by conduction from the heated graphite  support

at the back of the sample.

A~4~nment

The sample is mounted and aligned to ± 2°, with the [110] close—packed

direction in the (100) plane parallel to the incident electron beam. The

tilt and translation screws of the sample goniometer are adjusted so that

the shaft holding the sample wobbles within a circle of 0.010” diameter,



22

______ ~~~~~

Copper wire —V1.’
~/ / / / ~Xl 

____

Thernal-couple Wires _ _  

_in ceramic rod 
~~ / 

L~.. LI
/
/
4

Copter
wire

Graphite

Sample — — — —

• JZZZZ

1i~~’, . 8 A simp lified schematic diagram of the samp 1~ holder.Macor is the machinable glass-ccramic.

I- ~~~~~~~~~~ -

_
.- .iS

~~~~~~

S

~~~~~~~~~~~
•
~~

-

•
-

~~~~~ 

-— --- —

~~~~~ -



23

measured with a dial gauge . Samp le ro ta t ion an gle of incidence is accurate

to 1/2° as measured by reflect ion of a laser beam.

Figure 9 shows the arrangement for the laser ali gnment. The outer

hemisphe re is f i r s t  removed. The laser is ali gned f i r s t  perpendicular to

the moun t ing plate of the ana lyzer so that the ref lec ted laser beam from

a glass side placed on the mounting p late (for the purpose of alignment)

arrives at the laser aperture . Then the electron gun and the sample are

rotated to intersect the t ransmitted laser beam. This defines 8 ° for

and O~ . Then the samp le is rotated 45° , and the elect ron gun is rotated

till its exit aperture intersects the reflected laser beam from the samp le.

This defines 8~ = 90° . When the whole apparatus is lowered into the vacuum

chamber , the laser is f i r s t  ali gned perpendicula r to the window , and then

the whole apparatus is positioned so that  at O S 
= 0° when the re f lec ted

laser beam fro m the samp le is reflected back to the laser aper ture .  See

Fig. 9 ( c ) .  Inside the vacuum chamber the electron gun rotation is determined

by

= 90° — 2 OJ .

However , this is only approximate since the laser beam may not be reflecting

from the center of the sample , indicating an incorrect e~~. Therefore, the

specular direction is determined by rotating the sample until a maximum

appears in the intensity of the elastic peak . The overall angular  accuracy

is es tima ted to be ± 1°.

Energy Resolution

Figu re 10(a) shows the current at the f i r s t  aperture of the analyzer

as a function of the electron gun def lector  set t ing . It - shows that  the

electron bean is sligned with the analyzer when there is no deflection

_ _  5 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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voltage applied. Hence, the magnetic field (compensated with Reltnholz

coils) is not a problem for the incident electrons since the Larmor radius

of a 500 eV electron in the residual f ie ld  of 20 mG is about 400C cm.

Figure 10 (b) shows a spect rum of the main beam. The incident energy is

500 eV , and the FWHM is 0.36 eV. This is consistent with adding in

quadrature the energy spread of the incident electron (0.22 eV) and the

energy resolution of the analyzer (0.3 eV) .

An gular Resolution

Figure 11(a) shows the angular resolution taken at O
~ 

4° . The

FWHN is about 3~~50~ There is a slight asymmetry due to the large il-

luminated area on the sample , i.e., some scattered electrons are closer

to the analyzer than others. This angular resolution is used in the

oxygen experiments.

However , for the SPDR determination better angular resolution (hence

better wave vector resolution) is needed. To achieve this, electrodes

A4 through A6 are grounded , effectively using the aperture A7’ as the de—

fining aperture . A typical result is shown in Fig. 11(b). The FWHN is

slightly less than 1.5°.
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EXPERI!~ NTAL PROCEDURE

Glancing Incidence

In our experiment the electrons are directed at a glancing angle to

the surface to exclude complications due to multiple scattering from the

bulk. The mean free path of an electron with energy between 40 eV and

600 eV in. aluminum is ~ 10 A 80 that at glancing incidence (10° to

the surface) the penetration depth is ‘\‘ 1.7 A. Consequently, only the first

and, at most , the second layers of atoms at the surface participate in

the ~‘~ at te ring process . In our experiment , then , onl y incident  ang les

~ 10° are employed .

We use 500 eV incident energy for two reasons . First, the energy

cannot  be too low because of the large polarization e f f e c t  at glancing

incidence for low energy electrons . The polarization effect comes from

the image potential induced by incoming electrons near the metallic sur-

face, causing the electron trajectory to be modified. Feinstein
27 

esti-

mated that when the electron energy is very much larger than 100 eV, the

effect of polarization on the grazing electron trajectory is small. At

the same time , while the energy has to be as high as possible because we

are interested in high momentum surface plasmons and the momentum varies

as the square root of energy , the energy must also be low enough to that

the mean free path is short . Consequently, 500 eV is chosen as an optimum

5 
epxerimental condition .

Because the multiple—scattering dynamic effect is small at glancing

incidence , we shall apply the conservation law model to extract the SPDR .
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B ~ B ’ +0
(3)

k cosO k’ cos O ’ + k
0 0 it

where e and 0’ are measured from the surface, Fig. 2.

k ~ k (cosO — cosO ’)
ii 0 0

e 2

“ a k  t — ~-- -— o ’ 2 2

(0~ + 0’)

~ k ( O  — 6 ’) 
2

Momentum Dete rmination

There is a small correlation to k as calculated from Eqn. (3) due

to the finite acceptance angle of the analyzer. (This correction has not

been noted by previous authors.) For an electron detected within the

cone of angular acceptance, but outside the plane of incidence as defined

by the incoming direction and the normal to the surface, the wave vector

has a transverse component to the incident direction as shown in Fig. 12.

k [(k cosO — k ’  cos6 cos8) 2 
+ (k ’ cosesin4~)

2
J~~
’2

(4)

~ [(k cos0 —k ’ cosO) 1 + k k ’  cos8 cos8 • •
2 ) l/2

where ~ is small , ~ 1° .

Hence, we see that k 11 averaged over the analyzer acceptance is larger

than the k tl calculated from Eqn. (3). To estimate the magnitude of this

increment , consider the case of large k
11 

and small 0 ,8’. From Eqn. (4)

_________ _  
_  

I
I
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~ 
(k~ +

k
2

~~
2

“ a k  ~~~ ° k ‘>k ~~— f i b  2 k
110 flo o

• Then
2 2., k <4~

>
< k  > = k  +~~~ ° k +~~~< k,, >Ii H o 2 k Ito

l b

Taking <~~> to be the standard deviation of the acceptance angle and

k 12 A 1
, and k — 0.4 A’1, we have ~ < k > ~ 0.02 A

1 . We ex-o lb
pect that this correction is smaller at high k 

u 
than at small k

( .~ 0.12 A ) .  S

If we assume th e angular acceptance to be a Gaussian d is t r ibu t ion

in 0 and ~ with the same standard deviation : S

, 2 2
G(~ ,8’,o) — 

1 
e~~

8_0 ) Ic

2 2
G( 4 , 0,c) — 

1 
e’
~ 

~~~

Then we can calculate the averaged wave vector of the e lec t rons  de tec ted

and its standard deviation :

< k 11 > .f f  dO d k 
1

G(0 , 0’ ,c)G (~~, O ,0) ( 5)

An implicit assumption is that the scattered electrons illuminate the

5 • aperture uniformly. Because angular acceptance is peaked in the ideal

di rect ion of the analyze r (0 — 0’, • — 0) ,  the in tegra t ion  limit can be

from —~~ to + ~ . The standard deviation of <k > is

2 2 2
— ~ k11 > — < k

11 
> (6)

II

_ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _  _ _  _ _ _ _  
I



The <k
H
2> term can be integrated analytically, and <k 

H
> is calculated

using numerical integration .

The result indicates that for an acceptance angle of “-. 1.50 ,

~ < k 
~~

> is about 0.02 to 0.04 A in our energy and angular range, and

is between 0.03 to 0.04 A
II

-
~~~~ I
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EXPER IMENTAL RESULTS

Energy Loss Spectra

An energy loss spectrum of the clean sample at specular reflection

and different incident angles is shown in Fig. 13, where three spectra ,

taken with an incident energy of 500 eV and at incident angles, 0 , of 38°,

22°, and 100 are compared. As expected , at high angle of incidence

(8 — 38°) the volume plasmon dominates, and there are losses due to a

volume plasmon and a surface plasmon, and two volume plasmons . At 0
~ 

22°,

surface plasmons are dominant but volume plasmons are still present. At

glancing incidence (0 = 10°), volume plasmons have completely disappeared

and only sur f ace  p lasmons and their multiples are present. Furthermore ,

the rat io of the intensity of surface plasmon to that of the elastic peak

inc reases with glan cin g incidence , as 1/ sinO .

Figures 14 to 17 show energy loss spectra which exhibit the dispersion

of surface plasmons. These spectra are obtained in two steps. First , a

wide range of energy loss, encompassing both elastic and surface plasmon

peaks, is scanned a number of times. Second , when the position of the

elastic peak is determined , a narrow range of energy loss between 8.5 eV

and 12.5 eV , covering only the surface plasmon energy,  is sca nned many

times. Because of the arrangement of the electron gun , the sample and the

analyzer , it  is easier to fix the scattering angle , 0 + 0 ’ , then ro ta te

the sample, thereby changing 0’ and 80 simultaneously . The loss spectra

are corresponding ly labelled by (0 , 0’). Also shown are values of k

computed from Eqn . (5) .

In the (40 , 16°) loss spectra in Fig. 14, the surface plasmon has

an energy 10.4 eV, much lower than expected , even though its wave vector

I
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55 -5 5 -  —~~~- -------—--------— ~~~~~~~~~~
5 - S - S  - S



Intensity (arbitrary units)

—F

.
.
.

•

• : “1

-f
.
.•

•
1 + . .

C’,
•1

..
.

CD

/ Ca

0~ : .
.

.

J X
CD .~

/ ~~~~

- 

- - ~~3 _ __ S I~ ~~~~~~~~~~~~ 
_____________



35

~~~~~~~~ 

(Q
01 ~‘) k11(R~~)

(4°, 16°)
10.8

4~2
.. ...

I 

~~~~~~~~~~~~~~~ 

(6 °, 14°) Q.41 .

•.•
.
. ‘T. .... ~~~ 

0.2 
..
.

. 
.

.
...

10.2
-5-’

(10°, 10°) 0.16 
.

. 

... ...— ~~ ‘. .~~ —r - -

• 10 5 0

Encr~ ,’ loss (0 .1 cV/char.r~cl) in cV

J5 j g~ 14 Energy loss spectra for 00 + 0’ 20°. Three
typical statistical errors are shown as d~tshes on
the top spectruu . The energy loss scale is 0.1 eV

I
_•SS-5_S —  -5_S __- 55 ————— .5—— —— — 5~~_S_ _-5~55~ 

~. 
~~~ i — 

4 _~ 
5.5.~ 

— —‘5-



36

~~~~~~~~ ~‘)

1 05  

— 

(50, 13°) 0 39

10.5  

_

~~

•• 

(6 °, 12°
) 0 .33

. .:•~

...
4) ..•... 

.... 
(7 C’

, 11°) 0.27

10.2
(8°, 10°) 0.22

(9 °, 90) 0.16 .

. .
..

— • —— . . f 
.• •

10 5 0

Fi~~. 15 Energy loss spec t ra for 80 
-f 0’ = 18°. Energy

loss scale is 0.1 eV per channel. 

— —— ~~~~~~~•• -‘- —-

~~~~ 

- 

- 
~~~~~~~ -



37

I S
I

~~~~~~~~~~~~~~~~~~ 
(~~~~~ 

gi)  k
~
(
~~~)

• 

. 

1~0~~~~~

• 

•

~~~

•• ‘•
~~

• • 

(2 °
, 12°

) 0 .38

‘ 

- 

(
~
°, 11°)

~~.:

1 (50 9

0

) 
0 .25

S 

.•
...... 

~~~~~~~~ (6°, 8°) - 0.20

10 ,3

(70, 7~) 0.17 

-

Encr(~y loss ( f lv )

J i~
_ 16 Energy 1os~ sru-ctr.~ f o r  0 + C’ 14°. Ener~vloss scale is 0.1 eV per chan nel .

_ - S  5 - 5 -5~~~~ -55~~~~~~ -



38

11.2 - 
(~ 0, ~ ‘) k~(~~

1
)

(6°, 16°) 0.51
11.0

I •• - . --
.-

- • •

~

•‘

~~

••

~

- •
. - ..

10 2 

(8°, 16°) 0 4~

(2°, 6°) 0.21

10.2

(
~~~0 

5

0

) 0.19

10.1

(4°, 4°) 0.17

I I I

11 ~ 9
Fherç’v 1( ’~~ ( s V )

F;~~. 17 Energy loss spectra . Energy loss sca1,~ Is 0.1 cvper channel.

_ ___ 55-- - - -

-

~

_S —-5-- 
-



39

0 1.
is calculated to be 0.55 A . This is probably due to the effect of in-

coherent inelastic icattering, where incident electrons undergo nonspecular

elastic scattering and inelastic scattering, creating a surface plasmon

with L’wer i~ • A ~~mi1ar si~ uation occurs to a lesser extent for the

(�
‘
, 12°) 1~~ss spec ra ~n Fig. 16.

It Is difficult to determine the damping parameter for surface plasmons,

becaus— the FWHM of the surface piasmon peak is also influenced by the in-

cident angles. At 20 and 3
0
, the surface plasmon peaks appear broader

than those with the same k 11 but higher 0 .  (Set Figs. 15 to 17). This

indicates tha t the incoherent inelastic background is larger at these ex-

treme glancing angles , possibl y due to surface roughness.

Comparison with Spectra Obtained from ILEED

Figure 18 shows the SPDR as determined from the peak position and

calculated k 11 in the loss spectra . The two spectra with (4°, 16°) and

(2° , 12°) are om$tted . The horizontal error bar in each data point , cal-

culated from Eqn . (6), reflects the finite acceptance angle , and the

vertical error bar is essentially limited by the 0.1 eV per channel in the

experiment. A least—square curve fitting is applied to these data points ,

in addition to which we require— following Duke et a]..28 — that at

k — 0, = 10.4 eV. This is to be consistent with data from hi ghH sp

energy electron transmission through thin polycrystalline aluminum film29

(where small k can be probed) and with data from ILEED on epitaxial

Al(l ll)  f ilm3° (see FIg. 19) because the surface plasmon energy should be

* The peak position is determined by an eye—ball fit of a smooth curve
through the loss spectra. A curve fitting with a Lorentzian , after
appropriate background subtraction , will be performed later. The general
trend of the SPDR and the discussion in the following section will not be
affected.
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- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



42

independent of the electron density profile at the surface at k — 0.

The resulting fit is

-L — l0.34(±O.08) — 1.9(±0.6)k 
~ 

+ 7(±1)k11~

where energy is in eV and momentum (or wave vector) is in A ’. Also

shown in Fig. 18 is a most recent best fit by Duke ~~ ~~~28 f or ILEED

data on Al (l00) by Porteus and Faith
31 

and Wendelken32:

— 10.4 (±0.1) — 2(±l)k — 9(±3)k2
The error estimates are performed in a complementary sense, i.e., de-

creasing A
1
, the linear coefficient , is accompanied by increasing A2,

the quadratic coefficient , and vice versa. Our data is in general below

Duke et al.’s best fit but , within the error estimates of both curves, the

agreement is reasonably good .

Figure 19 shows SPDR ’s for different faces of aluminum . The solid

line is our best fit for Al(lOO). The dashed line is the best fit of

Duke and Landman3° for the ILEED data of epitaxial Al(lll) film of Porteus

and Faith33. The open circles are some of Krane and Raether ’s data points

from high energy electron transmission through thin polycrystalline aluminum

film29. We see that SPDR ’s for different faces of aluminum and for poly—

S 
crystalline aluminum are qualitatively different.

0

COMPARISON WITH THEORETICAL DISPERSION RELATIONSHIPS

Many theoretical models of surface plasmons have been constructed

following two major approaches: quantum—mechanical or semi—classical

microscopic RPA, and classical hydrodynamics. Feibelman develops a micro-

scopic RPA with a step—function static density profile34. The real co—
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efficient of the linear term, A1, is f ound t o vanish and it is proved

that 
~ ~~c’ 

and k
11 

-~ 0 independent of the structure of the surface.

He uses a time Fourier transform of Laplace ’s equation , a procedure which

has been criticized by Newns35
, who points out that its validity is

strictly confined to density variations of wavelength greater than that

of the plasmon excitation . Newns concludes, using a time—dependent

Hartree approximation applied to an infinite square barrier model that

A1 # 0. This conclsuion is also supported by Beck36 and by Heger and
37 38Wagner , using a full quantum mechanical RPA . Beck and Celli have

attempted a more realistic RPA calculation by introduc ing the surface as

a step—function potential barrier. Their calculations are performed with

the aid of a new variational principle . Although it is claimed that no

adjustable parameters are involved, they do introduce variational parameters ,

and a good choice of trial function seems to be quite important. Their 
S

result shows that A
1 

< 0.

Figure 20 compares the experimental curve with the above—mentioned cal-

culations as well as two hydrodynamic infinite—barrier—model calculations
39’40

,

where both the linear and quadratic terms are presented . We see that the

agreement is not very good. The infinite—barrier models all require a too

rapid dispersion .

This result is to be expected from the following considerations.

Since the field associated with surface plasmons penetrates into the bulk 
S

with a decay length of l/k~ , at high k the surface plasmon field pene-

trates less into the bulk so that the average charge density involved in

the surface plasma oscillation decreases and so does the effective w~/ V
’
~.

Therefore, the gradual decrease of the charge density at the surface has

the effect of lowering the plasma frequency with increasing k . In the

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _
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lan guage of the hydrodynauiic model, the internal pressure of the electron

gas, or the resistance against compression, increases the plasma fre-

quency with increasing k . Hence, the combined result is a plateau region

and a slower rise , as compared to the infinite—barrier models, which are

not affected by the decrease in electron density at the surface.

It is worthwhile at this point to consider in more detail a general

relation derived by Harris and Griffin
42 

for the linear coefficient A1
.

They deadribe the dynamics of an inhomogeneous system in terms of the Wigner

distribution function f(~ ,~) which is essentially the excess density of
-5.

particles with momentum hP, at point r, due to the action of .he total one—

electron potential . In the high frequency approximation, i.e., to leading

order in k 11 1w , they obtain

dz zr~n(z)
_ 1 lim ‘

A
1 

-~- + J dzp(z) (7)
k-’ O f
U J dzSn(z)

where 6n(z) is the fluctuating charge density associated with surface

plasmons. The static density profile , n (z), has been split into two S

parts 
—

n~ (z) n ( O ( z) + p (z ) )

where c (z) is the static deviation from a step—function 8(z). The second

term on the right hand side of Eqn. (6) vanishes as a result of charge

neutrality. It is always possible to choose the origin of z such that

this term vanishes. The first term is clearly related to the charge

dipole associated with the density fluctuation of surface plasinons.

To calculate A1 one needs to know 6n(z) or its Fourier component

~n(k ~ 
,k ,w) which , in the high frequency approximation , equals

42

b
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2 r~ dP / k  2 + P k  ‘~
, k ,~~~) — 

4ii e j z 

~ 

~~ ) n ( k  — P )*5n(P )
k .  + P—

~~ II Z

Note the n factor in the integrand . Thus, the linear term in the din—

persion relation is due to s tructure in the surface.

Feibelman
43

, developing his earlier RPA theory further , has obtained

Eqn. (7) and applies it to a smooth , finite potential barrier —including

the Lang—Kohn density profile . He finds that A
1 
is finite and not only

depends strongly upon diffuseness (i.e., the distance over which the height

of the barrier changes) but also is sensitive to the barrier shape. How-

ever , in general , A1 is negative . In particular A
1 equals —2.5 eV A for

the Lang—Kohn density profile , as compared to —1.9 ± 0.6 eV A in our measure-

ment.

This sensitivity of the linear term of the dispersion to the diffuse-

ness agrees with the numerical conclusion in hydrodynamic models of

Bennett44
, who incorporates a linear surface density profile to approximate

the Lang—Kohn density profile , and that of Boardman et a1.
1
~ and Forstmann

a~d Stenschke
46

, who assume a double step—function for the electron density

profile. The advantage of s~.ich models is the convenient form of the dis-

persion equation in which the basic parameters can be varied until a best

fit to the experimental results is obtained . Figure 21 shows the fits by

Bennett and Forstmann and Stenschke for polycrystalline Mg and Al samples

in the high energy electron transmission experiments. We see the agree—

ment between the theoretical fits and experimental curve is fairly good.

The electron density falls off in the range of 2 to 4 A.

FIgure 21 also shows the dispersion curve at small k 
~ 

region

( ,~ 0.1 A
1) ,  using the linear coefficient computed by Feibelman for

____________  _________________________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _________  _ _ _ _ _ _  
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the Lang—Kohn density profile (A
1 — 2.5 eV A). The agreement with

experiment is reasonably good in this region . However , higher order

terms in k 11 have no t been calculated in the RPA approach using a

realistic density profile like the Lang—Kohn profile. Hence , comparison

between experiments and RPA calculations can be only qualitative . The

negative sign of A
1 

is established among the experiments and calculations.

Therefore, in the context of the general relation of Harris and Griffin ,

Eqn .  ( 7 ) ,  the surface charge fluctuation , resulting in surface plasmons ,

occurs at a position which is not symmetrical about the surface — 0

(where z = 0 is defined through the vanishing of the second term in Eqn.(7)),

but somewhere inside the metal .

Even thoug h the ag reement of the two hydrodynamic calculat ions with

exper iments  is good , there are serious reservations about their validity.

The very use of a hydrodynamic formulation means that the electron—hole pairs

are l e f t  out , and hence collisionless (Landau) damping has been omitted , even

though a surface plasmon , unlike a bulk plasmon, can suffer Landau damping

at all wave num bers .48 Because the rapid spatial variation in the z direction

gives rise to Fourier components with large values of the perpendicular wave

vector , collisionless damping can still occur for small values of k11 -
5 ; ~

Nevertheless , experimentally , the line width of the surface plasmons peak

Is small enough up to k 11 ,~ 0.5 A
1 
so that the concept of quasi—particle is

still applicable .

Apart from the omission of damping, the application of hydrodynamics

to metals can be criticized on the ground that the true hydrodynainic con-

dition , i.e., that the frequency with which the plasma changes is much less

than the collision frequency, is not appropriate to the metallic surface be-

cause of the low electron density in the tail region -of the electron distri—

________- —_- —-5——— ___1_- . .  t
—55-— - - - 5~.. - 
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bution. A hydrodynamic condition , in other words , requires the carrier

distribution to relax extremely rapidly, via collisions , to local equi—

45librium

Howeve r , one can raise the same kind of objection to the use of

RPA theories, because RPA theories are strictly applicable only to a

high density infinite electron gas model ; but , the electron density goes

to zero in the tail region at some distance from the surface .

I
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CONCLUS IONS

(1) There are now two independent experimental determinations of

SPDR on Al ( l O O) , which agree with each other within the experimental un-

cer taint ies .  Even thoug h various model calcualtions embod y d i f f e rent tech-

nical approximations , the consequences of which cannot be separated from

those of the models themselves , we can rule out all calculations which use

infinite or single step—function density profiles at the surface .

(2) The experimental results demonstrate that models which embody an

adequate description of the electron charge density profile and also include

the effect of the ion lattice are essential to describe the SPDR and other

surface properties , for example, surface energy , on different single crystal

faces.

(3) Because the measured dispersion relation cannot be as accurate  as

we would like in the low k reg ion due to the f i n i t e  angular resolution ,

model calculat ions of the linear term in SPDR alone are destined for an in-

conclusive verification . Higher order terms , at least the quadratic term,

are needed.

The negative sign of A
1 

is established by the experiments and cal—

culations. In the context of the general formula for A
1 

given by Harris

and Griffin , which relates the linear coefficient A1 
in the surface plasn-ion 

S

dispe rsion relation to the charge dipole associated with  the density f luc—

tuat ion of su rface  p lasmons , the su rface charge f l uc tua t i on  occurs inside

the metal , rather than symmetricall y about  the surface . 

- — - - -
- -~~~~~~~~~ 
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APPENDIX - OXYGEN ADSORPTION ON A1 (lOp)

Introduction

In the course of measuring the surface plasmon dispersion relation

(SPDR) for Al(lOO), we find that when the aluminum single crystal surface

is not sufficiently cleaned by argon ion bombardment , the SPDR is modified

markedly from that of clean aluminum . Qualitatively, the SPDR first de-

creases with increasing k 11 , then stays constant after some cleaning , and

finally increases with increasing k
11 

after more cleaning . This effect is

presumabl y due to chemisorbed oxygen and/ or  a surface  ox ide .  Therefore ,

we have undertaken to make a quantitative study of the effect of adsorbed

oxygen and the growth of oxide on the electronic structure of an aluminum

(100) surface .

E~perimental Procedure

A f t e r  the usual cleaning and annealing cycles , an energy loss spec-

trum of the clean sample was taken. Then oxygen was introduced into the

chamber at about 2 x 10 8 
Torr . Meanwhile , the pressure was recorded con-

tinuously on a chart recorder and the dosage of oxyge’i was determined from

the area under the pressu re—t ime  curve in u n i t s  of LangmuIr  (lO
_6 

Torr—

second) . During the experiment , the emission current of the gauge was de-

creased by one order of magnitude . The electron gun was also turned off

before oxygen was introduced Into the chamber. This procedure eliminated

the problem of oxygen poisoning of the electron gun cathode with a resultant

decrease in incident current. After some appropriate dosage of oxygen .

the leak valve was closed , the chamber was evacuated , and the gun was

turned on again.

55 - -— —5——--—— — - —55 —-— —S.- -—~-S ~ — S~~_~~~~
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As in our previous study,the incident and the scattered electron

beams were at a glancing angle (12° in specular relfection) to the sur-

face to maximize the information from the surface and at the same time

minimize complicating e f f e c t s  from mult iple  scattering in the bulk crys—

tal.

$pectra from Adsorbed Oxygen

The spectra in Fig. 22 show that the intensity of the 10.3 eV peak,

associated with the surface plasmon of clean Al , decreases steadily with

exposure. This peak eventually disappears completely at ~, 250 L. Before

the disappearance of the 10.3 eV peak , the second peak appears at 7.5 ± 0.2 eV

after exposure of about 100 L. This peak is related to the oxygen—aluminum

interface because its intensity increases to a maximum and then decreases

at higher exposure, which prevents emission of electrons at the oxygen—

aluminum interface . The energies of the 10.3 eV and the 7.5 eV peaks are

independent of oxygen dosage and also independent of each other , i.e.,

there is no continuous transition from one peak to the other . Figure 23

shows the intensity variation of these peaks as well as the elastic peak

which stays constant in intensity.

Figure 24 shows an energy loss spectrum over a wider range of energy

loss and with better statistics after an exposure of 250 L. There is an

additional broad peak at 20.6 ± 0.5 eV, which is a characteristic of the

sample before cleaning by ion bombardment , and an indication of a small

peak at 9.6 eV.

At larger an~ 1es of specular reflection , for example , 
350 compared

with 90 , the 7.5 eV peak disappears and the volume plasmon appears at

15.4 eV (Fig. 25). This is a very clear demonstration of the greater

I
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sensitivity to surface condition at glancing incidence relative to normal

incidence

Spectrum (a) in Fig. 26 was obtained with oxygen exposure ‘s-. 200 L.

After one hour of heating the sample at 150°C, we obtained spectrum (b),

which is not very different from (a). Then we left the sample overnight

to obtain spectrum (c). In spectrum (c) the 7.5 eV peak height is higher

than the 10.3 eV peak . This indicates that during the overnight period

some ambient gas in the chamber (CO, H20) adsorbed on the clean surface.

However , they are weakly bound because after heating the sample at 200°C

for 20 minutes we obtained spectrum (d) where the 10.3 eV peak is higher

than the 7.5 eV peak . To test a proposed idea that the surface oxide

grows across the surface area from nucleation centers formed at room tem-

perature , the oxidized sample was heated to about 200°C. Spectra (d) to

(h) in Fig. 26 show that upon heating the sample the intensity of 10.3 eV S

peak from the clean surface decreases in time relative to the 7.5 eV peak

from islands of oxygen—covered surface until only the latter peak is

present , indicating that the surface is uniformly covered with oxygen .

The surface plasmon dispersion relation was also measured up to

k = 0.33 during oxygen exposure and was found to be constant in

energy until the 10.3 eV peak disappears from the spectrum after large

exposures to oxygen . The flat dispersion is consistent with the fact that

oxygen is more electronegative and , upon adsorbing on the surface, acquires

some negative charge , i.e., some electrons from Al atoms are involved in

bonding oxygen atoms . Hence , there are fewer electrons at the surface to

S 
participate in the collective surface plasma oscillation , and the decrease

in dispersion due to electron density fall—off is much more pronounced .

The result ing plateau is longer. However , the flat dispersion curve may

- - _____________ _ _ _ _ _ _  —
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also be due to the fact that the intensity of incoherent inelastic scat-

tering from the oxygen atoms forming an amorphous submonolayer on the sur-

face is larger than the coherent Inelastic scattering from the single

crystal aluminum substrate.

Discussion

Two ELS studies of oxygen adsorbed on single crystal aluminum have

been made previously, one by Bradshaw et a1.
1
~ on Al (lll) and one on

Al ( lOO) by Allié ~~ ~~~50 These measurements are made between normal in-

cidence and 450 to the surface .

The simultaneous appearance of 10.3 eV and 7.5 eV peaks at inter-

mediate oxygen exposures (Fig. 22) agrees with some ELS experiments on

51—53 54,55Al , but disagrees with some other experiments , in which the 10.3 eV

peak shifts continuously to 7.5 eV as oxygen is introduced. The behavior

of peak Intensities at 10.3 eV and 7.5 eV (Fig. 23) is in qualitative agree-

ment with data obtained by Powell and Swan
51
. The simultaneous presence of

both peaks as well as evidence from the effect of annealing at 200°C (Fig.

26) indicate that there are clusters of chemisorbed oxygen on the surface52

so that the incident electrons sample simultaneousl y both a clean area and

an oxygen—covered area . This conclusion is further supported by Auger

electron spectroscopy and work function measurements for the (100), (110),

and (111) faces of Al by Gartland
56 who proposes that oxygen atoms adsorb

randomly on Al(lll) but form islands on the (100) face.

There are two possible explanations for the origin of the 7.5 eV peak.

One is that the 7.5 eV peak is an interface plasmon between Al and a

dielectric layer of aluminum oxide . Stern and Ferrell57 propose that the

presence of a thin f i lm of aluminum oxide modifies the surface plasmon
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energy of ~L w /  /~ into h w i  /1 + c where c is the dielectric constant of

the surface oxide , which is then calculated to be 3.65, using 15.4 eV

for the volume plasmon energy and 7.2 eV for the low—l ying loss energy .

In our case the low—lying loss energy is 7.5 eV so that c equals 3.2.

This value of c is in better agreement with the dielectric constant (c 2.9)

calculated from the relation n /~ , where a is the index of refraction of

aluminum oxide at optical frequency (n 1.68). Although the explanation

in terms of dielectric constant fits the 7.5 eV peak , the origin of the

possible small peak at 9.6 eV and the broad peak at 20.6 eV are not ex— 
S

plained. Furthermore , at submonolayer to monolayer coverage (assuming a

low sticking coefficient) the concept of dielectric constant , as a macro-

scopic quantity, is not applicable. Figure 26 shows that there is actually

little oxide formation because upon heating the sample at 200°C the 10.3 eV

peak disappears and the 7.5 eV peak remains . This experiment indicates that

the mobile species is oxygen which chemisorbs on the surface and , upon heat-

ing, diffuses over the surface to produce a uniformly covered surface. (How-

ever , we cannot rule out the possibility that oxygen desorbs from the graphite

heater and deposits on the sample.) Diffusion from an oxide source is un-

likely because the bond strength of Al203 
would require a much higher tern—

perature for dissociation . This observation is consistent with a recent

photoelectron spectroscopy experiment of FlodstrBm et al.55
, which shows

that there is an inter-mediate chemisorption phase for oxygen on Al (lOO) be-

fore oxidation .

The alternative explanation for the 7.5 eV peak is that the energy

loss structure is due to a single electron transition . ELS provides in-

formation not only about the collective features of conduction electrons

but also about the interband and intraband single particle transitions ,

5 v
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which involve the densities of initial and final states. Combining ELS

with the photoelectron spectroscopy which probes the density of the

initial states, we can probe the density of the unfilled , final electron

states. Recently, Yu et al.58 and Flodstr~Sm et al.
59

, using ultraviolet

photoelectron spectroscopy (UPS) to study chemisorption of oxygen on Al

film, found that a peak at 7.2 eV below the Fermi level of~ Al appea red

at an exposure of only ‘~‘ 1 L of oxygen and reached saturation at ‘\~ 50 L.

This peak is identified as the O(2p) level. Other photoemission experi-

ments54 ’55’6° give the same results.

A small peak at 9.6 eV was observed in UPS by Flodstr5m et

and Martinsson et al.60, but not observed in UPS by Yu ~~~58 Martinsson

et al. observed two peaks at 7 and 9.5 eV beloe EF for the (100) face but

only the 7 eV peak was observed for the (110) and (111) faces. The origin

of this 9.6 eV peak is explained by Messmer and Salahub
61 

in their molecular—

orbital cluster study of chemisorption of oxygen atqms on Al(lO0) as due

mainly to bonding combinations of in—plane oxygen (p) orbitals with aluminum

(s) and (p) orbitals . In the same calculation the 7 eV peak arises from

both in—plane and out—of—plane oxygen (p) orbitals in bonding combinations

with  aluminum orbi tals .

In terms of interband transitions the initial state is an oxygen

level , the final state is an Al level from the increase and subsequent  de—

crease in intensity as a function of oxygen exposure (Fig. 23). Benndorf

et al.53, in their ELS experiment , cannot decide whether the sper -

structure at 7.5 eV is a peak or a step, and they suggest the 7.5 eV struc-

ture is due to the interband transition from the O(2p) level to the empty

conduction band of Al. If the final state were the unoccupied conduction

band of Al , the ELS spectra would show a step near 7.2 eV , instead of a

sharp peak. Be ause we see clearly in our spectrum (Fig. 24) a well—defined

I
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peak at 7.5 eV (FWHN ~v 3 eV), the final state is a well—defined yet un-

identified state near E
F 
of Al.

Among various ELS experiments there is disagreement on the position

of the broad peak at high oxygen exposures. Powell and Swan51 observe

the broad peak at 22.2 eV, Bezindorf et al.
53 

at 19.2 eV , and this experi—

ment at 20.6 eV. This situation makes the interpretation of the origin

of this broad peak difficult. These values are all lower than the energy

of O(2s) level in an oxide , which is at 23.6 eV below EF 
of Al in the

x—ray photoelectron spectrum 49 . However , because the glancing geometry

in our experiment excludes bulk effects , we have demonstrated that t”is

broad peak has a surface origin.

CONCLU SION S CONCERNING OXYGEN ADSORPTION

In summa ry we have shown that the 7.5 eV peak is sharp and that there

may be a small peak at 9.6 eV , so far unseen in other ELS experiments .

Tw~ interpretations for the 7.5 eV peak are given , in terms of dielectric

constant and interband transition . To distinguish between these two in-

terpretations , we suggest that final—state spectroscopy by synchrotron
-PS

radiation , which probes the density of the empty states above the Fermi

level , could be employed to determine whether there is a well—defined empty

state just above the E
F 
of Al which may be the final state of the 7.5 eV

transition from O(2p) level. The broad peak at “~ 21 eV in our experiment

is shown to originate at the surface .
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