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· Synopsis 

For studies of crystal surfaces and deposited thin films, a 

compound apparatus of angle resolved ultraviolet photoelectron spec-

troscopy (ARUPS), low energy electron diffraction (LEED) and Auger 

electron spectroscopy (AES), has been newly constructed. In addition, 

a simple semi-automatic system of LEED spot-tracing has been develop-

ed. 

The following systems have been studied so far by use of the 

apparatus. The I-V curves of LEED of MgO(OOl) clean surfaces are 

obtained for three samples prepared by different heat treatments. 

The curves which are quite similar one another yield no appreciable 

surface relaxation in comparison with the theoretical ones obtained 

by dynamical calculations. Further, no change of the degree of the 

surface rumpling due to heat treatments is recognized. 

Iron films deposited on Si(111)7x7 and MgO(OOl) surfaces grow 

layer-by-layer and form an Fe(lll) and an Fe(OOl) epitaxial film 

at room temperature, respectively. The structure of iron films more 

1 
than 2 monolayer(ML) thickness on Si(lll) surface has changed from 

lxl to 2x2 superstructure owing to annealing at temperatures higher 

than 400°C and at the same time a shift of iron d-band electronic 

state to the higher binding energy side has been observed by ARUPS. 

By increasing the thickness iron film on MgO(OOl) surface begins 

to change from the body-centered tetragonal to the body-centered 

cubic structure at about 10 A thickness and an expansion of valence-

band width has been observed by AES simultaneously. 
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§l. Introduction 

In the past two decades, surface science has experienced a great 

progress, that is, various techniques for surface analysis have been 

developed and many surfaces (clean surfaces of single crystal which 

are reconstructed or not, and surfaces on which gas molecules or 

metal atoms are adsorbed) have been studied. Low energy electron 

diffraction (LEED) is the most fundamental technique for geometrical 

analysis of surfaces, that is, from a diffracted pattern on a fluores­

cent screen, two-dimensional symmetry of surface structure is easily 

obtained. In order to determine relative atomic positions, however, 

it is necessary that the spot intensity versus electron energy curves 

(so-called I-V curves) for several reciprocal rods are measured and 

those curves are compared with theoretical ones. Due to the strong 

coulomb interaction of electrons, the kinematical analysis is not 

useful except for a special case (that is, constant momentum transfer 

averaging (CMTA) method) and the dynamical analysis is necessary. 

In the case of very large two-dimensional unit cell in which many 

atoms are included, this calculation becomes very difficult. In addi­

tion, as a unique solution is not always obtained, it is desirable 

that a suitable structure model can be imagined from the other exper­

imental or theoretical considerations. Because of these, particularly 

in Japan, the dynamical analysis has not been carried out except 

for a few studies l ). But now, these situations have slightly changed, 

that is, (i) calculation speed of a large computer has become suffi­

ciently fast, and (ii) a set of the computer program which can be 

extensively used has been published2 ,3). Consequently, it seems that 

extensive LEED analysis has become possible. One part of this paper 

is assigned to a construction of a simple semi-automatic system for 
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LEED spot-tracing and to a few applications for structure analysis 

of surfaces. 

On the other hand, ultra-violet photoelectron spectroscopy (UPS) 

is a good method for analysis of the electronic properties of surfaces 

4). In recent years, due to the development of the angle resolved 

(AR) spectroscopy technique, the dispersion relation of electrons 

in the single crystal surfaceS) and in the two-dimensional adsorbate 

layer on a crysta1 6 ) were studied by several researchers. Further, 

it is pointed out that the sit-site of the adsorbed atoms in the 

two-dimensional ordered layer can also be determined by ARUPS accord-

ing to so-called the "symmetry analysis" of angular distribution 

and photon-polarization dependence of electron emission from the 

adsorbate 7 ,8). Another part of this paper is assigned to an outline 

of design of an apparatus for ARUPS and to a preliminary experiment 

for iron deposited films on Si(lll) surface. 

The purpose of this paper is to clarify a microscopic atomic 

and electronie structure of ultra-thin iron films on Si(lll) and 

MgO(OOl) surfaces by means of above mentioned experimental methods. 

Iron is an important material of catalysis for several chemical reac-

tions, for example, NH3 synthesis for industrial use. In order to 

study a microscopic reaction process on iron surface, well-defined 

clean surface must be prepared. Unfortunately, because a pure iron 

material is generated from iron-sulfide, sulfer atoms are taken into 

the bulk and often segregate on the surface after the heat treatment. 

Further, as an iron is very active, it is difficult to maintain a 

clean surface once obtained during a long time. Therefore, it has 

been tried to produce a clean surface by means of vapour deposition. 

Preliminary experiments revealed that iron films grew layer-by-layer 
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both on Si(lll) and MgO(OOl) surfaces, and Fe(lll) and Fe(OOl) epita-

xial films were produced, respectively. 

On the other hand, from a viewpoint of the reliability and the 

durability of a semiconductor device and an aspect of interest for 

the Shottky barrier, investigations for microscopic behaviour of 

an interface of metal-semiconductor and/or metal-insulator are impor-

tanto Although it is not now that iron is an important material for 

a device, the results obtained in this study are suggestive and the 

apparatus and the method must be applicable to study another metal-

semiconductor/insulator interface. Although many papers have been 

published9 ), which describe behaviours of metal films on silicon, 

particularly, silicide formation at low temperature, only a few 

studies of iron films on Si have been made. For example, according 

° to Lau et al. for 1000-1500 A a-Fe film deposited on Si, a compound 

layer of FeSi is produced at 450°C and FeSi2 formation begins at 

550 °ClO ) • 

It is interesting to know whether a thin film of a ferromagnetic 

material on a non-magnetic substrate is magnetic or not. Metal vapour 

deposition offers opportunities synthesizing metastable crystalline 

phases with novel physical properties. For example, fcc iron epitaxial 

films on Cu(OOl) with one to four monolayers have been stabilizedll ). 

According to Mate et al. the surface magnetization of a single layer 

of the ferromagnetic material is dependent on surface-bulk coupling12 ). 

Recently, strongly enhanced ferromagnetic moments are predicted for 

3d bcc transition metals as overlayer on noble metals 13 ). Comparing 

the calculated and measured valence band photoemission spectra of 

Fe on Ag(OOl), Binns et al. have found that the monolayer film is 

f . 14) h . d h .. 1 h erromagnet1c • In t 1S stu y, owever, 1t 1S not c ear whet er 
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the deposited iron films are magnetic or not, and the problem remains 

as the future subject for research. 
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§2. Experimental apparatus 

2-1. LEED-AES-ARUPS system 

For studies of crystal surfaces and deposited thin films, a 

compound apparatus for ARUPS and LEED-AES has been developed. Ultra­

violet photoelectron spectroscopy (UPS) is a useful method for analy­

zing the valence band electronic states of surfaces. Most troublesome 

point of this technique is that a photon source must be set up in 

a vacuum chamber due to an absorption effect of photons by a window 

material. Therefore, in case of use a discharge type photon source, 

a differential pumping system b~tween a discharge tube and an ultra­

high vacuum chamber must be provided. 

Angle resolved (AR) analysis of photoelectrons gives more valu­

able information for electronic structures than an angle integrated 

detection. For example, 2-dimensional dispersion relation and angular 

distribution of wave functions of electrons for ordered adsorbates 

can be obtained. In order to do an angle resolved detection, the 

electron analyzer should be moved around the sample. Since the solid 

angle for the detection is very small, an input lens system must 

be operated in optimum conditions in order to improve the detection 

efficiency. 

Because angle resolved photoelectron spectroscopy is a relatively 

recent refinement of the photoemission technique, only a few research 

groups set up an apparatus in Japan and there are not many studies 

obtained with this technique. Although an apparatus equipped with 

these functions has been put on the market, it is very expensive. 

Therefore, a hand-made apparatus has been constructed. 
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2-1-1. Design of apparatus 

The newly designed apparatus is indicated schematically in Fig.l. 

A 127 0 type cylindrical electron energy analyzer for ARUPS is settled 

on a turn table which is supported by small stainless-steel balls. 

It is driven at the rim of the table through a couple of crown gear 

and pinion. Almost all parts of the turn table and the drive mechanism 

consist of non-magnetic materials. The photoelectrons are analyzed 

in a horizontal plane. The UV photon source is also installed in 

the horizontal plane which is indicated as "1st stage" in Fig.l. 

o 
In order to keep sufficiently wide space in which the 127 energy 

analyzer moves around the sample crystal, the electrodes of LEED-AES 

optics and a metal vapour evaporation source are installed in another 

horizontal plane indicated as "IInd stage" in Fig.l. A long-stroke 

sample manipulator transfers the sample between these stages. The 

performance of the sample manipulator newly constructed is as follows: 

The movable extent of three linear motions (x and y in a horizontal 

plane and z) are 25mm, 25mm and 200mm, respectively. The flip actuator 

mechanism built in the rotation feedthrough is translated to the 

rotation of the sample around the axis normal to its surface. It 

is rotated using a small rack-and-pinion mechanism. 

At the bottom, it is connected to a sputter ion pump and a tita-

nium sublimation pump which is cooled by liq.N2 • A large diameter 

clapper valve which is used to separate the pumps at the time of 

putting gas into the chamber is indicated in the figure. 
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Sample Manipulator 

evapora t i on 
source 

to 

f 0 Tit ani urn 
Sublimati on Pump 

& Sputter Ion Pump 

- -··nnd stage 

Fig.l Schematic diagram of the experimental apparatus. At the fIrst stage" the 
127°type electron energy analyzer on a turn table and the ultraviolet (UV) 
photon source are settled, and at the "IInd stage" LEED optics for LEED-AES 
and a metal vapour evaporation source are installed. A long stroke sample 
manipulator transfers the sample between these stages. 
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Schematic diagram of ultra-violet photon source newly constructed 

is shown in Fig.2. In order to avoid a direct discharge outside the 

capillary, the discharge path surrounding the capillary had to be 

obstructed by an insulator. A Teflon cylinder is used for this pur-

pose. The discharge capillary is mechanically supported by this Teflon 

cylinder, and the discharge electrodes have no mechanical contact 

with the quartz capillary in order to avoid thermal shock, too. The 

polarity of the electric potential supplied to the discharge tube 

is decided on the stand point that the intensity ratio of He I 

(21.2eV) to He 11 (40.8eV) is superior when the electrode on the 

side near the sample is anode IS ). The flange on which the anode elec-

trode is installed is cooled by water and an air cooled fin is fixed 

to the flange on which the cathode electrode is installed. 

A differential pumping system was used between the UV source 

and the UHV chamber. In order to restrict the flow of helium gas 

along the UV light axis, three pylex glass capillaries were inserted 

straight through valve 

discharge capillary (3,s) IDcm tHY 
to Pirani Gauge 

chamber 

P4 

bellows 

1 to DP 
to RP 

gas inlet 

Fig.2 Schematic diagram of the UV photon source. A negative high electric potential 
(about 3 kV) is supplied to the end electrode on the left hand side. A differ­
ential pumping system is used between the discharge" part and the UHV chamber. 

Typical pressures in operation are P
1

=260 Pa, P
2

=lO 
-7 P4=8xlO Pa, respectively. 
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between the spaces of different pressures. The diameters of three 

capillaries are 1 mm, 1.5 mm and 1.5 mm, respectively. Each length 

of these capillaries is determined by numerical calculations according 

to the theory of vacuum technology. The length indicated in the figure 

is a good set which needs a minimum total capillary length. The first 

stage of a differential pumping system is evacuated by a rotary pump 

(300 l/min). The 2nd stage of it is evacuated by an oil diffusion 

pump (320 l/sec) with a cold trap. During the UPS experiment, when 

the pressure in the discharge capillary was 260 Pa, the typical pres-

sures P 2 (measured by a Pirani gauge), P3 and P 4 (indicated by ioniza­

tion gauge) were about 10 Pa, 4xlO-3 Pa and axlO- 7 Pa, respectively. 

The set angle of UV source to UHV chamber is adjusted using differen-

tial-pitch-screw mechanism. A couple of viewing ports which is fitted 

at the both ends of the light axis is very useful for this adjustment. 

One of them is indicated in the left hand side in Fig.2 and the other 

is fitted on UHV chamber at the opposite side of the UV source. 

The photoelectrons are analyzed by a so-called "127° coaxial 

cylindrical analyzer" shown in Fig.3. This analyzer is composed of 

four parts, that is, "input lens", "deflector", "output lens" and 

"channeltron". The deflector is formed by a couple of cylindrical 

sector electrodes made by stainless steel, and its orbiting radius(R) 

is 25 mm. The actual sector angle is l19°in order to compensate for 

fringing field effect16 ). The surface of inner walls of the sector 

electrodes (Dl and O2 ) and the two lens electrodes (L7 and La) is 

covered by molybdenum foils because of the small emission yield of 

secondaryelectrons. 17 ) 

Electric potentials of the electrodes are supplied by a several 

number of power sources. However, in order to change the energy pass-
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Lens 

deflecfor 

channeltron 

Key 
Board 

D.P.S. 
( Sweep) 

Pulse Height 
Analyzer 

Fig.3 Composition of photoelectron energy analyzer system. The 127°type electron 
energy analyzer is composed of four parts, namely, "input lens", "deflector", 
"output lens", and "channeltron". In order to obtain an energy distribution 
curve electrons are retarded (or accelerated) in the input lens system in 
proportion to their energies by sweeping the output voltage of a conventional 
digital programable power source (D.P.S.). In order to remove the aberration 
the best operation of the input lens system has been determined experimentally 
(see text). 
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ing through the analyzer to obtain the spectrum curve, the output 

voltage of only one power source is changed. This source is a conven-

tional digital programable power source (Kikusui, V50-0.5) indicated 

as "D.P.S." in Fig.3. 

The photoelectrons are detected by a channeltron (Galileo 

Electro-optics, CEN4028). The pulse signal obtained by the channeltron 

is amplified and discriminated by a single-channel pulse height ana-

lyzer. Finally, the signal pulses are counted in each setting time 

period. Operations of the analyzer are controlled by a micro-computer 

(NEC, PC-880l). That is, the passing through energy is controlled 

and the counted number of the signal pulses at each step of the pass-

ing through energy is indicated by a cathode-ray display tube by 

digital or graphic expression and is saved in a floppy disc. When 

it is required, the data are treated numerically by the micro-

computer. 

LEED optics which is transferred from the old UHV system is 

a conventional 4-mesh LEED-AES electrodes shown in Appendix A. 

2-1-2. Operation of photoelectron energy analyzer 

To obtain an energy spectrum with electrostatic analyzer, two 
• 

modes of the operation are well known17 ). One of them is to sweep 

the difference of electric potentials of the cylindrical sector elec-

trodes. The other mode is to sweep the retarding potential supplied 

to the input lens system under the fixed deflector potential. The 

former is simple, but is faulty in the change of absolute energy 

resolution. The latter is superior in case of searching for true 

energy distribution curve, and the analyzer shown in Fig.3 is operated 

according to this mode. 
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In the latter case, electrons are retarded (or accelerated) 

in the input lens system in proportion to their energies, but due 

to the aberration of the lens, the transparency of the analyzer must 

be changed depending on its retarding potential. In order to remove 

this aberration, the input lens system is usually composed more than 

three electrodes, because it is necessary that the image point is 

always on the slit of incidence. To obtain the best operation of 

the input lens system, the potentials, "V20 " and "V30"' and the ratios 

of potentiometers, k2 and k3 in Fig.3 have to be determined experimen­

tally. The principle of focal properties and the method of determina­

tion for the best operation are shown in Appendix B. Finally, one 

of the best combination has been found as 

k2 = 0.20, V20 = 12.65 V I 

k3 = 1.0 , V30 = -1.85 V • 

The slit of incidence has a circular shape with a diameter of 

0.5mm and the slit of outgoing has a rectangular shape, 0.5xlO mm, 

which is longitudinally long. Depending on the uperation parameters 

of the deflector electrode, the resolving power of the analyzer is 

calculated according to a well known method17 ). The value of FWHM, 

~E(=(W/R)EO)' shall be 100meV, when the passing through energy of 

the deflector, EO' is 5eV, the orbiting radius, R, is 25mm and the 

two slits have above mentioned width, w. The resolving power is con­

firmed experimentally using a weak electron beam injected directly 

into the lens from an electron gun put at the "Ist stage" in Fig.l. 

The experimental value of FWHM was about 250meV which had small depen-

dence on their energies. The difference between the two values is 

considered to be caused by an energy spread of thermal electrons. 

Using the same electron gun, an 'angular resolution of the ana­

lyzer was measured. In rather high energy region, the values of FWHM 
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of the analyzer was measured as about 2°. 

For the output lens system, similar study was tried, but it 

gave very little improvement of the detect efficiency. Then, in this 

study the four electrodes of the output lens are connected at the 

same potential. 

2-1-3. Experimental procedure 

A typical experimental procedure is as follows: In order to 

obtain ultra-high vacuum(UHV), a diffusion pump (DP) (Edwards, E04; 

600 l/sec) with a liq.N2 trap (Vg, CCTIOO), a sputter ion pump (IP) 

(ANELVA, 912-7060; 400 l/sec) and a Ti-sublimation pump (TSP) with 

a liq.N2 vessel are used. After rough evacuation, UHV chamber is 

baked out at about 150°C and evacuated by DP during 8 or 24 hours. 

When it is cooled down, the pump is changed to IP. The base pressure 

of this system is 2xlO-8 Pa. During the UPS experiment, the DP system 

is again used to evacuate He gas. 

He gas is introduced in the UV source through a variable leak 

valve (ULVAC, VLV-3) and the pressure in the discharge capillary 

is adjusted at about 260 Pa. The purity of He gas is 3N up. The open 

voltage of the power supply for glow discharge is about 3kV. The 

discharge current is about 200mA. 

Residual magnetic field is cancelled by three sets of Helmholtz 

coils so that low energy electrons ejected from the electron gun 

run along a straight line. 

Iron atoms are evaporated from an iron wire which is directly 

heated by electric current(Fig.l). Its diameter is 0.03 inches, and 

its purity is 4N(Material Research Corp., MARZ grade). In order to 

avoid an effect of impurities, the iron source is pre-heated at the 
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same temperature during the film formation experiment for about ten 

hours. The temperature is measured by an optical pyrometer and the 

evaporation rate is monitored by a crystal monitor. A small glass 

plate is placed during the pre-heating at the position where a sub­

strate crystal is placed during the actual experiment. This glass 

plate is taken out· the chamber after the experiment and the thickness 

of the film deposited is measured with the interference stripes method 

to determine the absolute deposition rate. 
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2-2. Semi-automatic system of LEED spot-tracing 

As is well known, the spot intensity versus electron energy 

relation curve (I-V curve) of LEED gives valuable information for 

the determination of the surface structure. The intensity of the 

(00) spot which corresponds to a mirror reflection can be measured 

easily, but the information obtained from this spot alone is insuffi-

cient to confirm the surface structure. The measurement of I-V curves 

for the other (hk) spot is a laborious task when it is carried out 

by the manual operation, because the spots move with the change of 

the electron energy. In order to measure quickly, various practical 

methods have been developed, namely, photograph l8 ), spot-photometer I9 ) 

and TV camera20 ,21) methods. We have constructed a simple semi-

automatic system of the LEED spot-tracing based on a spot-photometer 

method22 ). Principal idea is as follows; the spot-photometer is driven 

manually, then the electron energy is changed automatically so that 

the spot moves to the position on the screen where it is measured 

by the photometer. 

First, the following geometry of the arrangement is assumed. 

(i) An incident electron beam impinges onto the crystal surface along 

its normal, 

(ii) the impinging point lies exactly at the center of a sphere con-

centric with the fluorescent screen. 

Moreover, it is assumed that 

(iii) an effect of inner potential can be neglected. 

In Fig.4, (a) the geometry among a sample, fluorescent screen 

and the position of an (hk) spot on the screen in real space, and 

(b) the condition of diffraction in reciprocal space are shown, res-

pectively. If the axis of the photometer telescope is always kept 
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parallel to incident beam, the LEED pattern which is observed by 

the photometer is the projection of the images on the fluorescent 

screen on a plane perpendicular to the incident beam. Under these 

conditions an (hk) spot moves inwards (or outwards) radially to the 

(00) spot along a straight line on the "plane" of projection with 

the increase (or decrease) of electron energy. 

From the geometry in Fig.4(a), the relation, 

(2.1) 

is obtained, where rO is the radius of a sphere defined by the segmen­

tal sphere of the fluorescent screen and xhk is the distance of an 

(hk) spot from the (00) spot on the "plane" of projection. On the 

other hand, in reciprocal space, the relation, 

l/dhk = (l/A)sin~, (2.2) 

is obtained, where d
hk 

is a spacing of (hk) plane in the two-dimen­

sional lattice. By using the de-Bloglie relation between a wavelength, 

A, and electron energy, E, 

I 
(O~O) sp~t 

fluolescent ,.,,----
/' 

screen 
/ 

incident 
beam 

sample 

diffracted 
beam 

(hk) rod 

Fig.4 (a) Schematic diagram of the geometry of LEED arrangement in real space 
and (b) the diffraction condition in reciprocal space. 
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A = h//2mE (2.3) 

where m and h are the electron mass and the Planck constant, the 

following equation can easily be derived, 

1 rOh 2 
E = 2m (-d ) 

hk 

1 
--2 -
xhk 

(2.4) 

The electron energy, E, is proportional to the square inverse of 

the distance of an (hk) spot from the (00) spot on the "plane". Ahk 

takes a value specific to the indices (hk). 

In order to obtain an electron energy, E, satisfying eq. (2.4), 

an electronic circuit specially built for this purpose is used 

(Fig.S). A linear motion potentiometer is connected mechanically 

to the photometer. Its resistance is set to be zero when the photo-

meter is located pointing at the (00) spot. (in the case of the normal 

incidence, pointing at the center of drift tube of an electron gun). 

By this arrangement, the observed resistance is proportional to the 

distance, x, and is used for obtaining the electron accelerating 

-2 voltage which is proportional to x by means of an analog division 

circuit and a squaring circuit shown in Fig.S. 

In order to find the proper value of Ahk in eq.(2.4), the photo­

meter is driven to another properly chosen position, and the electron 

accelerating voltage is adjusted by VRl and VR2 in Fig.S so that 

the wanted (hk) spot is detected by the photometer. After this proce-

dure the spot follows the photometer automatically, and an I(hk)-V 

curve can be obtained easily. 

When the geometrical conditions assumed above are not realized, 

eq.(2.4) is not exactly satisfied. Those effects are discussed in 

Appendix C. 
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In this study the intensity of a primary electron beam current 

ejected from the electron gun was about 2UA and this value was practi­

cally not changed by the change of the electron energy in the region 

higher than lOOeV. Though in the lower energy region the beam intensi­

ty increased gradually when the electron energy decreased down to 

about 30eV, the experimental I-V curves are not corrected in the 

whole energy region. Though the change of light transparency through 

the grids slightly deforms the profile of the experimental I-V curves, 

the obtained curves are not corrected. Although, due to these effects, 

relative intensity is slightly changed, in particular in lower energy 

region, the position of peaks and dips should not be affected. 
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§3. Experimental results 

3-1. Ultra-thin iron films on Si(lll) surface 

In order to study the microscopic atomic and electronic structure 

of a deposited thin film, it is necessary to know the absolute quanti-

ty of the deposited material and the states of atoms, whether they 

are uniformly distributed or they gather together locally to form 

islands, etc. In order to see the states of atoms, it is useful to 

investigate a growth mode of deposited thin films. 

It is well known that there are three basic modes of epitaxial 

growth from the vapour phase, namely, (a)Volmer-Weber (or three-dimen-

sional island) growth mode, (b)Frank-van der Merwe (or layer-by-layer) 

growth mode and (c) Stranski-Krastanov growth mode. These growth 

modes are schematically shown in Fig.6. From a macroscopic point 

of view, the first mode should occur when the surface energy of the 

film material is larger than that of the substrate. The second and 

third modes should be typical for the case of a film having the low 

surface energy on a substrate with the high surface energy. If the 

(0) Vohner- Weber 

I 11 
7/777777777 77777//77// 

n D 
77777777777 77777771771 

77777777777 77177777// 

{b}Frank-"von der Merwe (c) Stronski­
Krostanov 

Fig.6 Three basic growth modes: (a) Volmer-Weber (3-D island) growth mode, (b) 
Frank-van der Merwe (layer-by-layer) growth mode and (c) Stranski-Krastanov 
growth mode. 
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strain energy in the film is small compared with the surface energy 

of the film material, the film sho?ld grow by the Frank-van der Merwe 

mechanism, and if the strain energy is large, the Stranski-Krastanov 

mode should occur. From a slightly different point of view, if a 

bonding between the film material and the substrate material is 

strong, Frank-van der Merwe growth mode should occur and if the inter-

action is weak, Volmer-Weber growth mode should occur. 

Among various well-established techniques for surface analysis, 

the technique most frequently used for the determination of the growth 

mode is the Auger electron spectroscopy (AES). Two discrimination 

methods of growth modes based on AES have been proposed. These are 

the Palmberg's criterion23 ) and is the Jackson's criterion24 ), which 

will be explained in Appendix D. 

3-1-1. Relation between Auger peak height and film thickness 

The changing curves of the normalized Auger peak heights of 

Si-LVV(92eV) and Fe-MVV(48eV) during iron film formation on Si(lll) 

surface at room temperature is indicated25 ) in Fig.7. The substrate 

sample for this experiment was a (Ill) face of B-doped p-type .silicon 

with the resistivity of 0.1 Qcm, which was mounted on a tuntalum 

sample holder. Sample cleaning was performed by heating it up to 

l200 o C. When the Auger signals corresponding to various average film 

thickness were measured, the deposition was continued without inter-

ruption, and the recording of the AES curves was repeated frequently. 

The substrate crystal was set at the cross point of two beam axis, 

that is, the axis of the electron beam and the axis of the evaporated 

iron beam which were perpendicular mutually. The incident angles 

c 
of the two beams on the substrate surface were both 45 • 
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In Fig.7 two break points are shown in each curve and, according 

to the Jacksons's criterion (Appendix D), it is believed that the 

film grew in layer-by-layer mode. Since the deposition rate was about 
o 

0.43 (±O.OS) A per minute, the average thickness of the iron film 
o 

at the first break point should be about 3.2 A. This value is consid-

I·O----------------------------------------------~ 

Fe/Si(lll) 
room temperature 

o·a 
Fe-MVV , 

( 48eV) , 
+- , 
.c. , 
Cl 

, 
.-
a> 
J: 
~ 0·6 
0 
a> 

0... 
"-
a> 
Cl 
:l 

<t: 0.4 
"'0 , 
a> 

, 
\ 

Si-LVV N , 
'0 

, e. (92eV) , 
E 

, 
"-
0 

Z 

10 20 :30 40 50 60 70 
Deposition Ti me (minJ 

Fig.7 Normalized Auger amplitudes vs. time of deposition for iron film on Si(!!!) 
o 

surface at room temperature. Deposition rate is about 0.43 A/min. Two break 
points are shown in each curve. According to the Jackson's criterion, it 
is indicated that the film has grown in layer-by-layer growth mode. 
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erably larger than the largest interplanar distance in an iron bulk 

crystal. Therefore, the break point must correspond to the completion 

of a special structure. Since the lxl LEED pattern were observed 

during film formation and LEED pattern corresponding to an Fe(lll) 

surface was observed finally, it is reasonable to consider that iron 

(Ill) plane was constructed from the very early stage of the film 

formation. The interplanar distance between the (Ill) planes in a 
c 

bulk iron crystal is only 0.83 A and no break point is indicated 

at such a thickness in Fig.7. However, because the density of iron 

atoms in the (Ill) plane is very sparse, the substrate crystal cannot 

be completely screened by one layer of the iron film. By a geometrical 

study using a marble model (Fig.8), it seems that three layers are 

necessary to screen the substrate, and that the break point in Fig.7 

may correspond to the completions of three layers. If an iron film 

Fe (Ill) 

mrd layer 
-........ 

" 
~ top, oyer 

\ 

\ 
I IInd layer I 

I 

1 
!I 
,\ 

./ 

Fig.8 Marble model of the Fe(lll) surface. Because the density of iron atoms in 
the (111) plane is low, three layers are necessary to screen the substrate. 
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grows in pseudomorphic, two-dimensional atomic distance decrea~es 
c 0 

by 5% (from 4.04 A to 3.84 A), but it seems that the above mentioned 

model need not be changed. 

Although an iron film predominantly grows on Si(lll) surface 

in layer-by-layer growth mode, this model cannot explain the observed 

results completely, because the observed curve deviate markedly from 

the broken line in Fig.7 which indicates a change of Auger peak height 

in case of the ideal layer-by-layer growth. This seems to attribute 

to the film growth at low temperature. So that, if the temperature 

of the substrate is raised suitably, more perfect film growth is 

expected. On the other hand, it is well known that iron atoms are 

mixed with Si atoms and form a silicide at rather low temperatures lO ). 

Therefore, the change of the Auger peak height ratio (R) of Fe-MVV 

(48eV) to Si-LVV(92eV) with the annealing temperature was investigated 

and is shown in Fig.9. The substrate sample for this study was a 

(Ill) face of P-doped n-type silicon wafer with a resistivity of 

10-20 ncm, mounted on a tuntalum sample holder. Sample heating was 

performed by electric current directly passing through the sample. 

The temperature was measured with both an optical pyrometer and a 

3%ReW-25%ReW thermocouple. The parameter is the Auger peak height 

ratio (RO) immediately after deposition. Iron atoms were deposited 

on the substrate at room temperature. Sample annealing was performed 

for 10 minutes at each temperature. 

Figure 9 shows that the Auger peak height ratio (R) does not 

o 
change up to 600 C in the case of RO smaller than 0.3. When RO is 

larger than 0.3, R decreases as temperature increases. Even if the 

initial RO values are different, each R approaches 0.3 asymptotically 

after the high temperature annealing. The Auger peak height ratio 
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of 0.3 corresponds to about one atomic layer (IML) film thickness 

of Fe(lll} plane. 

It is considered that the reduction of the Auger peak height 

ratio is caused by the following reasons: (i) Iron atoms were evapo-

rated, (ii) iron atoms precipitated together and formed islands, 

and (iii) iron atoms infiltrated into the substrate. Of these, (i) 

is not possible because of the very low temperature. The suspected 

cause (ii) is also removed by the fact that the Fe-LMV (648eV) Auger 

peak (of which escape length is relatively long) height decreased 

as well as Fe-MVV (48eV) peak. Therefore, the cause (iii) seems to 

10) be most probable. According to Lau et al. , it may be that silicon 

700 

600 

u 
~500 

Q) 

"- 400 
:J 
-4-

o 300 
"-
Q) 

0.. 

E 200 
Q) 

r-
100 

r. t. 
0 

I 
I 
I I « 0 

o.~ 

Auger Peak 

A 

Height 

....... I x I . ooly 

__ . no LEED pattern .--- -----

..... 

I 
o 

1.0 

, 
" , 

\ 
\ 

---. 
• I 
I 

Fe(J ,,> • 
I 
I 
I 
I • I 

00 

Ratio (I(Fe-MVV)/I(Si-LVV)) 

Fig.9 Change of the Auger peak height ratio of Fe-MVV(48eV} to Si-LVV(92eV} with 
increasing temperature" of annealing. The parameter is the Auger peak height 
ratio immediately after the deposition at room temperature. The ratio of 
0.3 corresponds to about one layer (ML) film thickness of Fe(lll} plane. 
For example, the film indicated by a mark c shows about 1.26 Auger peak 
height ratio after the deposition, and this value has changed to about 1.1 
after annealing at 290°C during 10 minutes. This ratio has changed to 0.95 
after annealing at 350°C and so on. 
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atoms move toward iron rather than iron atoms move toward silicon. 

For all films, Auger peak height ratio began to reduce again 

at temperatures higher than 600
c
C. 

3-1-2. LEED I-V curves of iron films 

Results of LEED observation for iron films on Si(lll) during 

the heat treatment are summarized as follows: 

(i) For films of which RO was more than 0.1 (0.3 ML), 7x7 extra spots 

disappeared and lxl pattern appeared immediately after the deposition 

at room temperature. 

Moreover, after heat trearment, 

(ii) films of which RO was less than 0.15 (0.5 ML) showed lxl spots 

o 
only up to about 600 C. 

(iii) For the films of which RO was more than 0.5 ML, LEED pattern 

changed from lxl to 2x2 (or 2xl of three domains) superstructure 

800 vSi (Ill) 7't.7 
I 

Fe / SiC I1 [) -7 x 7 

-600 () 
o - Fe / Si ( III )- 2 x 2 

~ 400 
~ 

-to-

o 
L 

I 

I 

~200 
E 

Fe/ Si ( III ) - I x I 
I 
I 
I 
I 
I 

Fe{ Ill) 

QJ 

~t .. ~-~~.----~I~.---_J~~~--~J~~I---t~~I----~.J~------~I--_ 
o I 2 3 4 36 

~ 

Deposited Iron Film Thi ckness ( ML) 
Fig.ID Two-dimensional phase diagram of deposited iron film on Si(lll) surface. 

Iron atoms have been deposited at room temperature, and each film has been 
annealed at higher temperatures successively. The average thickness of iron 
film is indicated by that immediately after the deposition. 
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Si ( I I I ) 7x7
E= 76 eV

Fe/ su III) 2 x2
E = 71 eV

Fe/ Si( III) I x\
E =81 eV

Fe(III) / sruu:
E= 152eV

Fi g.ll Typical LEED patterns of iron f ilm on Si (lll ); (a) clean Si(111 ) 7x7 surfac e,
(b) l xl Fe / Si (lll) , (c ) 2x2 Fe/S i(l ll ), (d) Fe( lll) epitaxi al f ilm on Si (l ll ).
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after annealing at temperatures higher than 400°C. 
e 

(iv) For very thick films (about 36 ML=30 A), LEED pattern of Fe(lll) 

surface at low temperature disappeared after annealing at tempera-

tures higher than 440°C. 

c 
(v) For all films, 7x7 superstructure began to appear again at 600C. 

On the basis of experimental results mentioned above the two-

dimensional phase diagram shown in Fig.lO can be constructed. In 

Fig.ll, photographs of the typical LEED patterns are shown. 

From the AES and LEED study, the following conclusion can be 

reached. 

(I) For films less than one atomic layer (lML) thick, iron atoms 

remain on the surface up to 600°C. 

(11) For films more than lML thick, the most of iron atoms remains 

on the surface after annealing at temperatures lower than 400°C and 

form an epitaxial film which shows lxl LEED pattern. 

(Ill) For films more than lML thick, iron atoms infiltrate into the 

° substrate after annealing at temperatures higher than 400 C, leav-

ing iron atoms corresponding to about lML thick on the surface, and 

form a special structure which shows 2x2 LEED pattern. 

In order to study a change of surface structure more precisely 

and to compare with the results of dynamical calculations, LEED I-V 

curves for several beams were measured under the condition of the 

incident angle of 5° for (00) beam and normal incidence for other 

beams. Measurements were performed for the films annealed both at 

about 350°C and at about 500°C, respectively, at the stages of various 

film thicknesses. As the Si(lll) surface has a three-fold symmetry, 

it is enough to measure within one-third in circumference. In addition 

to (00) beam, 6 beams of (01), (la), (02), (20), (11) and (21) shown 
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in Fig.12 schematically were measured for the films annealed at 3S0 c C. 

6 fundamental beams listed above and 9 extra beams of (0 ~), (~ 0), 

(0 ~), (~ 0), (11), (1 1), (1 1 ), (1 1) and (~ 1) were measured 

for the films annealed at 500°C. In Figs.13-lS, experimental I-V 

curves for fundamental beams of (01) and (10) «a)3S0oC annealed 

and (b)SOOoC annealed, respectively) and 3 extra beams of (0 1), 
(21 0) and (1 1) at the stage of various film thicknesses are shown. 2 2 

In Fig.16 experimental I-V curves for (00) beam are also shown. 

From these figures it can be considered as follows: 

(i) By comparison of (01) beam and (10) beam, it is obvious that 

every film for various thicknesses has not six-fold but three-fold 

symmetry. 

(ii) From the I-V curves of fundamental beams for the films annealed 

0 
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LEED pattern of Fe/ SiC Ill) 
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0 
It -t 21 
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t )(' , ... "'" 20 -. --(5" 

K ~ X I. . 
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Fig.12 Schematic indication of LEED spots indices. 
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Fig.16 Experimental I-V curves of (00) beam for iron films of various thicknesses 
on Si(lll) under the condition of 8=5° and 4>=0°, (a) for the films annealed 
at 350°C, (b) for the films annealed at 500°C, respectively, after the deposi­
tion at room temperature. 
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at 350°C, it seems in a rough estimation that there are two different 

stages of film growth for less than IML and more than 2ML. Moreover, 

strictly speaking, for the films more than 8ML, though the whole 

profiles do not change from those for the films less than 6ML, peak 

intensities has decreased and peak position has slightly shifted. 

These results correspond to the viewpoint indicated in the previous 

25) 
paper • 

(iii) For the films less than IML, as the positions of peaks are 

rather similar to those of clean Si(lll) 7x7 surface, it seems that 

the iron film is pseudomorphic and grows as if iron atoms behave 

just like Si atoms. 

(iv) From the I-V curves of fundamental and extra beames for the 

films annealed at 500°C, it seems that there are clear differences 

between I-V curves for the films of lML and those for the films 
2 

more than t ML. 

(v) For the films less than 1ML annealed at 500°C, the I-V curves 

are similar to those for the films annealed at 350°C. 

(vi) For the films more than ~ML, it seems that the surface struc­

tures are fundamentally the same with on another, however, for thick 

films it seems that excess iron atoms remain on the surface or the 

crystalinity is slightly bad • 

(vii) As the extra spots corresponding to 2x2 structure are strong 

at the stage of 2 or 3 ML, it seems that the structure which produces 

2x2 LEED pattern is not peculiar to only the outermost surface layer 

but peculiar to that includes somewhat the inside. 

These knowledges are helpful in construction of structure models. 
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3-1-3. ARUPS spectra 

As the structure of iron films on Si(lll) has changed owing 

to the heat treatment, it is expected that the electronic state should 

change too. The ARUPS spectra were measured for the films of various 

average thicknesses. Angle setting of the light beam and the detector 

is shown in Fig.17 schematically. The angle resolved measurement 

can be performed in various modes 7 ) described in detail in Appendix 

E. In this study three different experimental geometries of the meas­

urement were chosen, these are, (a) normal incidence of light ( a=~ 

and emission angle 8 =300
, (b) a =0°, 8 =60° and (c) glancing incidence 

of light (a =60° ), 8=30°. The plane on which the lignt beam and elec­

tron beam are included is parallel to [li~ axis for all geometries, 

that is, ~=O~ All iron films were annealed for 10 minutes at about 

350°C after deposition and all showed lxl LEED pattern. Measured 

spectra are shown in Fig.lB. 

What is evident from the figure is the growth of Fe d-state 

at about leV of the binding energy, EB• The width of the d-state 
o 

even at the stage of 2.SA thickness, however, is rather wide in com-

x 
II To] 

[I I I] 

z 
photo­
electron 

Fig.17 Angle setting of the light beam and the detector. 
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o 
parison with that of the thick film. The spectrum of the 30 A-thick 

film is very similar to that obtained from the Fe(lll} surface of 

a single crystal by Schulz et al. 26 }. Binns et al. indicated that 

an iron monolayer on Ag(OOl} was ferromagnetic because of the wide 

photoemission spectrum of the valence band (about 4.SeV) due to the 

h 1 ·· l4} h" f' h . exc ange sp 1tt1ng • From t 1S p01nt 0 v1ew, as t e spectrum 1S 

not so wide, it is likely that the iron monolayer film on Si(lll} 

is not ferromagnetic. 

Although the intensities of the spectra corresponding to the 

same film thickness in Figs.18(a} and (b) are similar to each other, 

that in Fig.18(c} is considerably dissimilar to the corresponding 

spectra in (a) and (b) (Figures (a) and (b) are plotted in the same 

scale of the intensity, while (c) is compressed to one-fifth scale). 

Firstly, the absolute intensity in (c) is large. Secondly, although 
o 

the relative intensity of d-band state for the film of 2.SA thickness 

shown in Figs.18(a} and (b) is rather small in comparison with that 
o 

for the thick film (30 A), a similar magnitude of intensity is seen 

for the corresponding films in (c). These show that the case of glanc-

ing angle incidence of light is rather sensitive to the surface than 

the case of normal incidence. Although the surface area on which 

light beam irradiates increases twice for glancing incidence (a=600) 

compared with that for normal incidence, it cannot be explained by 

this reason only. 

The photo-ionization cross section is in proportion to the square 

of the transition matrix element with dipole approximation, 

(3.1) 

where Wi and Wf represent the initial and final states, respectively, 

37 



-. -A is the vector potential of incident photons, and p denotes the 

linear momentum operator. Therefore, it can be said that the photo-

ionization cross section at the surface is very sensitive to the 

polarization vector of photons. 

Next, the films were annealed again for 10 minutes at about 

500°C. LEED pattern of the films with the average thickness more 

° than 0.6 A changed to 2x2 superstructure. ARUPS spectra measured 

under the same experimental geometry as in Fig.18 are shown in Fig.19. 

The corresponding spectra for the same film thickness and for the 

same experimental geometry are similar to one another. The precise 

difference should be discussed in sec.S-l. 
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3-2. Ultra-thin iron films on MgO(OOl) surface 

3-2-1. Relation between Auger peak height and film thickness 

The changing rates of the normalized Auger peak heights of Mg-

LVV(26eV), O-KLL(SOleV), Fe-MVV(42eV) and Fe-LMV(648eV) during iron 

film formation on MgO(OOl) surface at room temperature are shown 

in Fig.20. The sample was prepared by the following method. In air, 

the MgO crystal (Daiichi Kigenso Kagaku Co., Osaka) was cleaved to 

a size of Smm x Smm x lrnm and was mounted on a sample holder made 

1.0 

o 
E 
~ 

o 
zO.2 

o· 

Fe/MgO (OO/) 

20 

~ Mg- LVV (26 eV) 
x O-KLL (50IeV) 
o Fe-MVV (42 eV) 
C Fe -LMV (648eV) 

30 40 50 60 70 
~eposition Time (min) 

80 

Fig.20 Normalized Auger amplitudes vs time of deposition for iron film on MgO(OOl) o 
surface at room temperature. Deposition rate is about 0.2 A/min. Since four 
curves separate with one another, according to the Palmberg's criterion, 
it is indicated that the iron film dominantly has grown in layer-by-layer 
growth mode. 
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of tantalum foil. After a conventional UHV evacuation process, a 

remarkable Auger signal corresponding to carbon was usually detected. 

Therefore, the specimen was heated up to 800°C in oxygen atmosphere 

at a pressure of 1.3xlO-3pa until the carbon signal disappeared27 ). 

The purities of the MgO crystals used were not confirmed, but for 

another piece of the crystal provided from the same manufacturer, 

the principal impurities were A1 20 3 50ppm, CaO 30ppm and Fe 20 3 20pprn. 

In Fig.20, four curves separate with one another in accordance 

with individual energy (i.e. escape length). Consequently, from the 

Palmberg's criterion mentioned in Appendix D iron film grew layer-by-

layer on MgO(OOl) surface. However, in spite of repetitions of corres-

ponding measurements several times, distinct break point could not 

be observed and therefore, it is difficult to apply the Jackson's 

criterion. From the value of deposition rate in this experiment (0.2 

o 
A/min), individual escape length can be calculated. If these values 

are put on the curves in Fig.45, they are reasonable except Fe-MVV 

Auger peak. Fe-MVV Auger peak indicates an unusual behavior, namely, 

(i) increasing rate of normalized peak height is considerably slow, 
o 

(ii) once at about 55min. (about 11 A) increasing rate has halted. 

The suspected cause of this behavior should be discussed in section 

5-2. 

3-2-2. LEED I-V curves of clean MgO(OOl) surfaces 

A few investigations for MgO(OOl) surfaces have been carried 

out by LEED. Legg et al. 28 ) measured I-V curves for a vacuum cleaved 

MgO(OOl) surface and one of the authors, Kinniburgh, compared the 

experimental results with the theoretical curves obtained by dynamical 

calculations29 ,30). He concluded that relaxation of the surface top 
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layer was very small, at most less than 3%. Berndt measured I-V curves 

for an air-cleaved MgO(OOl) surface down to the lower energy region3l~ 

On the other hand, Welton-Cook and Prutton indicated by a shell 

model calculation of the surface energy that the MgO(OOl) surface 

should not be relaxed but might be rumpled to a degree of 5%32). 

Experimentally, Murata et al. noticed the change of the MgO(OOl) 

surface from normal to rumpled structure after annealing at tempe­

ratures higher than 300°C in UHv33 ,34). Their ascertainment depends 

mainly on the analysis of Kikuchi pattern in reflected high energy 

electron diffraction (RHEED)34,35). Recently, Welton-Cook and Berndt 

. identified a finite rumple of 2% by an R-factor analysis of LEED 

I-V curves for an air-cleaved surface 36 ). 

Hence, how the experimental conditions of heat treatments affect 

the I-V curves was investigated. Measurements of I-V curves were 

carried out at room temperature in UHV (about 2xlO-8pa) for three 

different MgO(OOl) surfaces. Surface I was prepared by the following 

method. In air, the MgO crystal was cleaved to a size of 5mm x 5mm 

x 3mm and was ditched along the (001) plane. This crystal was mounted 

on a special sample manipulator. Just before the measurement, the 
-

wedge was thrust into the ditch to cleave the crystal and this freshly 

exposed surface (surface I) was studied first. Then the crystal was 

heated at 300°C in 30min., and the surface after heating (surface 

11) was studied. The temperature was measured by a thermocouple which 

touched the sample holder. The pressure during the heating increased 

to about 2xlO- 7pa. Surface III was cleaved in air, and after a conven­

tional UHV evacuation process it was heated up to 800°C in oxygen 

atmosphere of 10-3pa to remove carbon contamination . 
. 

The incident angle of the primary electron beam was selected 
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to be perpendicular to the surface. To confirm this condition, at 

first, the I-V curves corresponding to the four symmetrical {10} 

beams were compared. An example of the four curves for surface III 

is given in Fig.21. Although the four curves are not precisely similar 

to each other because the uniformities of the fluorescent screen 

and the mesh grids are also not complete, the similarity of the four 

curves is considered to be sufficient for the following analysis. 

All the three curves in Fig.22 are the experimental I-V curves 

of the (10) beam which were obtained in the studies of surfaces I, 

11 and Ill. It is important that the three experimental curves seem 

to be very similar to each other. The low energy ends of these curves 

in Fig.22 are limited by the charging up phenomena. In Fig.23(a) 

and (b) the experimental curves of the (11) beam and (20) beam for 

the three different surfaces are indicated, respectively. It is shown 

again that three different surfaces give similar I-V curves. The 

low energy ends of the (11) and (20) curves are limited by the geo­

metrical relation of which the diffraction spots arrive at the outer 

edge of the screen. 
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Fig.21 Four symmetrical I-V curves of 10 beam for the Mgo(OOl) surface III (air­
cleaved and elim~~ated carbon contamination by heating up to 800°C in oxygen 
atmosphere of 10 Pa) for the confirmation of the condition of normal inci­
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3-2-3. LEED I-V curves of iron films 

During the formation of the iron film on MgO(OOl) surface at 

room temperature, lxl LEED pattern was observed for all films of 

various average thicknesses, and finally, the bulk-like Fe(OOl) sur-

face has appeared. In order to study a change of the surface structure 

more precisely, LEED I-V curves for (00) and (11) beams were measured 

under the condition of incident angle 8=6°at the stage of various 

film thicknesses. Typical LEED patterns for various film thicknesses 

are shown in Fig.24 and I-V curves are shown in Fig.25(a) and (b). 

The low energy ends of these curves are unobservable by the charging 

up phenomena. From these curves, the following results are considered: 

(i) Because only lxl LEED pattern was observed, it seems that an 

° iron film is pseudomorphic at early stages. For the film of 2A average 

thickness (about IML) most of peaks corresponding to both (00) and 

(11) beams has shifted slightly to higher energy side. It is likely 

that these shifts represent a decrease of lattice spacing of topmost 

two planes. 

(ii) Because the peak position did not change up to 7A thickness 

(about 4ML), it seems that a pseudomorphic structure exists for this 

film thickness. Since the spot intensity decreased and the back ground 

intensity increased, however, a crystalinity becomes imperfect. 

(iii) At about lOA another structure (probably bulk-like bcc iron 

film) began to grow. For this specimen, unusual behavior of Fe-MVV 

Auger peak has been observed as was described in section 3-2-1. 

These curves are discussed again by comparison with theoretical 

I-V curves in section 4-3. 
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clean MgO (001) 138V
o

IA Fe/MgO 135V

o
2A 142V

riA 142V

6A 142V

23A 180\/
Fig. 24 Typical LEED patt erns of iron films of var i ous thicknesses on MgO(OOl) surface.
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§4. Atomic structure analysis by comparison between experimental 

I-V curves and those of dynamical calculations 

LEED is the most fundamental and the most frequently used tech-

nique for surface crystallography. In order to determine relative 

atomic positions, however, it is necessary to measure the spot inten-

sity versus electron energy curves (I-V curves) and to compare those 

with the theoretical ones based on dynamical calculations. Many stud-

ies on the LEED theory, in which the multiple scattering process 

is considered, have been carried out. Pendry has published comprehen­

sive studies on theories and a set of computer programs 2 ), and Van 

Hove and Tong have added a few theoretical treatments and reformed 

a set of computer programs for the more extensive use3 ). 

A general process of dynamical calculations is as follows: First, 

a set of phase shifts of species, 0 , which characterizes a scattering 
£ 

amplitude of an ion-core is calculated based on the "muffin-tin ap-

proximation". Second, a crystal.is decomposed into piled up planes 

which are parallel to the surface and has an equivalent area of the 

two-dimensional unit cell, and a scattering amplidude by this single 

plane is calculated by taking an effect of multiple scattering exactly 

into account. Third, the diffracted beam intensities are calculated 

by considering an effect of mUltiple scattering among those parallel 

planes by an exact method or perturbation method. These processes 

are surveyed in Appendix F. 
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4-1. Clean MgO(OOl) surface 

Several calculations have been carried out based on the theory 

and the computer program by Pendry. 

The core state wave functions tabulated by Herman and Skillman37 ) 

were used to calculate the phase shifts. It is assumed that the MgO 

crystal is fully ionic, i.e., that the charge on the Mg and 0 ions 

are +2e and -2e, respectively, and that the Madelung potential is 

uniform within a muffin-tin sphere. The core state wave functions 

outside the muffin-tin spheres are neglected. Therefore, strictly 

speaking, the charge neutrality condition does not hold. The radii 

of the muffin-tin sphere for Mg and 0 ions have been asuumed to be 

() ,38) 
0.65 and 1.46 A, respect1vely • Calculated phase shifts are indicat-

ed by solid curves in Fig.26. 

Satoko et al. 39 ) has mentioned that the charge of the Mg ions 

at the surface is +1.S4e, which is smaller than +1.82e in the bulk, 

by the cluster calculations based on the DV-Xa method. Kinniburgh 29 ) 

has calculated I-V curves for the clean MgO(OOl) surface with 6 kinds 

of phase shifts. These are for two cases of charges of atoms (both 

2+ 2-are neutral and with Mg 0 charge), and for three cases of muffin-

tin radii (rMg=rO' r Mg=O.414ro and r o =0.414rMg ). 

Therefore, in order to confirm the effects of the charge and 

the muffin-tin radii, the phase shifts have been calculated for the 

f 1 ff ' t' d" 'th Mg2+02- and Mgl.S+ol • S-cases 0 equa mu 1n- 1n ra 11, rMg=rO' W1 

charge and of the mentioned radii, r
Mg

=0.4Sr
o

' with Mgl.S+ol • S-

charge. As Kinniburgh has pointed out29 ), however, there is no impor-

tant difference from those indicated by solid curves in Fig.26. There 

was a rather large difference whether the exchange potential was 

included (Hartree-Fock approximation) or not (Hartree approximation). 
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The results with Hartree approximation are also indicated in Fig.26 

by broken curves. 

For criterion of the electron beam decay in a crystal, the imagi-

nary part of the inner potential, VOiCE), has to be estimated. First, 

the values of VO' (E.) at 
~ J 

the experimental data on 

several energies, Ej' were calculated from 

the electron escape length, 1(E.)40), which 
J 

is usually considered that the dependence on material is small 

(Fig.45). That is, the value of wave vector for an electron in a 

crystal is presented by 

k =vf2(E+Vor) - 2iVOi (atomic unit), 

where VOr is the real part of the inner potential, and if k is re­

placed by A+iB, the value V
Oi 

= _~2 + 2(E+V
Or

) (~O) is derived. 

On the other hand, if the wave functions of electrons which propagate 

within a crystal is indicated by a plane wave exp(ikr)=exp(iAr-Br), 

intensity decays with a distance as exp(-2Br)=exp(-r/l(E». 

Next, the values of VOiCE) was approximated by a hyperbolic 

curve in order to fit best to each VO' (E.) as follows, 
~ J 

VOiCE) = IBO.DIE - 6.1 eV (E~35.3eV) 

(E~35.3eV) 

Although in very low energy region absolute value of VOi is slightly 

larger than those used by other researchers, in the energy region 

of this study, two values are similar to each other. 

The energy interval, ~E, at every energy diffracted intensity 

is calculated, was chosen smaller than the absolute value of VOi • 

At E=lOOeV, ~E is 3.4eV. For increasing the energy value, ~E increas-

es, and beyond E=200eV, constant intervals of 5.4eV are used. 

To calculate the diffracted beam intensities, the computer pro­

gram by pendry2) to estimate a diffraction matrix element of sigle 
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If 
layer, M~~, was partly modified to apply to the case in which plural 

gg 

atoms exist in a two-dimensional unit cell based on the theory indi-

cated in Appendix F-3. The method of layer stacking is the RFS pertur-

bation. 

In order to ascertain that the curve calculated by a set of 

parameters has sufficient accuracy for the present purpose, several 

theoretical curves have been calculated for different or more improved 

parameters. These are shown in Appendix G-l. Finally, the following 

set of parameters, for convenience, has been chosen, namely, (i)the 

phase shifts obtained by Hartree-Fock approximation are used, (ii) 

29 beams are included, (iii) 5 phase shifts are included, i.e., the 

en 
c:: 
Q) 
+­
c:: 

H 

MgO (001) calc. 

(10) spot 

9=0 0 

200 

experiment 

300 

Energy (eV) 

Fig.27 Calculated I-V curves of (10) spot (solid curve) for the comparison with 
the experimental curve (dash-dotted curve). The indices present the ratio 
of the ~elaxation to the normal lattice spacing, ~d/d, and the + and - signs 
represent expansion and contraction, respectively. 
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maximum number of the angular momentam, 0max' is 4, (iv) temperature 

is zero (T=OK). 

It has been calculated how the theoretical I-V curves are changed 

by the relaxation of the surface top layer. The theoretical curves 

for (10) spot are indicated in Fig.27 (solid curves) for the compari-

son with the experimental curve (dash-dotted curve). The indices 

in the figure represent the ratio of the relaxation to the normal 
o 

lattice spacing (d=2.105A), 6d/d, and the plus and minus signs of 

the value correspond to expansion and contraction, respectively. 

These results of the calculations show that when the spacing of the 

surface top layer reduces, the positions of the fundamental peak 

shift to the higher energy side. The amount of shift is in proportion 

to the peak energy, therefore, the intervals between the peaks in-

crease. 

The three experimental I-V curves for the (10) spot showm in 

Fig.22 are very similar to each other. This fact suggests that the 

three different surfaces have the same relaxation ratio. Therefore, 

in order to determine the relaxation ratio, following method is used. 

Each experimental I-V curve shown in Fig.22 has two principal peaks 

at the energy of 87 and 148 eVe The interval between them is 61 eVe 

Each theoretical curve in Fig.27 has also two large peaks near 100 

and 160 eVe But the intervals in the calculation curve are correlated 

to the degree of the relaxation. Therefore, the calculated curve 

which has the same interval as that of the experimental curve is 

regarded as the best fit curve. From the top of the theoretical curves 

shown in Fig.27, the intervals of two principal peaks are 57eV, 

59.5eV, 62eV, 63.5eV and 64.5eV, respectively. Then, the curves of 

which the relaxation ratio is zero or +2.5% are chosen. Though the 
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energy at the two peak positions in the calculated curves are not 

the same as those in the experimental curves, the magnitude of this 

energy shift is equal to the real part of the inner potential, VOr • 

The values of VOr of the two chosen calculated curves are estimated 

to be about l5eV. This value seems to be reasonable. As it is shown 

in Fig.27, the fitting of the two chosen curves is sufficiently good 

with this value of VOr except for a small peak at about 250eV. This 

small discrepancy of the peak position will be improved if more so-

phisticated parameters are used for the calculation (see Fig.5l, 

curve b and c). The relative peak intensity will be in better agree-

ment owing to the inclusion of the temperature effect. 

Figs.28(a) and (b) show the results of similar examinations 

for (11) and (20) beams, respectively. In these figures, the experi-

mental curves were shifted by the value of VOr ' lSeV, to the higher 

energy side. In these figures it is apparent that the peak position 

at about l50eV in (11) beam and that at about 240eV in (20) beam 

are in good agreement. A remarkable disagreement of the peak at about 

230eV in (11) beam may be improved when many beams are included in 

the calculation (Fig.Sl, curve b). 

Besides the relaxation, the rumpling structure should be consi­

dered. Murata et al. 33 - 35 ) have indicated that the structure of an 

as-cleaved surface without rumpling changed irreversibly to a rumpled 

state by annealing at 300°C. In the rumpled surface, the outermost 

° plane containing 0 ions locates a little (0.13A) outside of the plane 

containing Mg ions. They have also pointed out that no essential 

difference is found between vacuum-cleaved and air-cleaved surfaces. 

Okamoto and Terakura have estimated the change in LEED I-V curves 

induced by surface rumpling4l ). They have calculated the I-V curves 
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for different degrees of rumpling, but without relaxation, i.e., 

the middle point between the 0 ion and Mg ion planes did not shift. 

As is shown in Fig.29, in the case of (11) beam as a typical example, 

a small peak at about 120eV between two large peaks should disappear 

when the rumpling parameter exceeds over about 5%. The + sign indi-

cates that 0 ions are located outside of Mg ions. The small peak 

appeared also at l05eV in the experimental curve in Fig.23(a). Howev-

'" o -
<> 

'" 

>­
t- 0 ........ 
U)O 
:z 
w 
I­
:z 
.... 0 .... 

o 
'" -o 

o 

Mg 0(100) 

WITH RUMPLING 

(11) SPOT 

+5.2% 

o ~-. __ .--. __ ~-. __ .-~~.--. __ .-~ __ , 

0 20. 00 '0 .. 00 10~OO 14~oq 180.00 22~OO 26~OO 
ENEf\GY (EV) 

Fig.29 Calculated I-V curves of (11) spot with various degrees of the surface 
rumpling, by W.Okamoto (ref.41). The + sign indicates that the plane contain­
ing 0 ions is located outside of the plane containing Mg ions. 
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er, the peak is very small, and the difference among three curves 

can not be recognized. Therefore, from this point it seems that these 

three surfaces have been rumpled. On the other hand, although the 

slope at about l80eV in the theoretical curves in Fig.29 has an oppo­

site gradient between a rumpled surface and a normal surface, corres-

ponding part at about l65eV in the experimental curves in Fig.23(a) 

has a same gradient which is similar to that of a normal surface 

one another. From these considerations, the change of the degree 

of the surface rump~ing due to heat treatments cannot be distinguish­

ed. It is difficult to determine whether it has been rumpled or not. 

Recently, Causa et al. indicate that no relaxation is found 

and the rumpling is very small (less than 1 %) by an ab initio 

Hatree-Fock calculations42 ). 
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4-2. Ultra-thin iron films on MgO(OOl) surface 

As mentioned in section 3-2-3, it seems that an iron film deposi-

ted on MgO(OOl) surface is pseudomorphic at early stages, and for 
o 

the film of 2A average thickness (about lML) most of peaks both of 

(00) and (11) beams has shifted to the higher energy side. It is 

likely that these shifts can be explained by a decrease of the lattice 

spacing between topmost two planes. In this section, first, experimen-

tal I-V curves at this stages are compared with those obtained by 

dynamical calculations. 

To calculate the phase shifts, electron configuration of iron 

atom is assumed to be as 6 3d-state electrons and 2 conduction elec-

trons. Muffin-tin radius is one-half of the nearest neighbour distance 

Fig.30 Calculated phase shifts for iron atom as the function of energy. Electron 
configulation is assumed to be as 6 3d-state electrons and 2 conduction 
electrons. Muffin-tin radius is 1.24 X which corresponds to one-half of 
the nearest neighbour distance for bcc iron crystal. 
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for bcc iron crystal. Calculated phase shifts are shown in Fig.30. 

To calculate diffracted beam intensities, the computer program of 

RFS perturbation for layer stacking by Pen dry was partly reformed 

for the sake of application to the adsorbate system. 

Three adsorbed sites, that is, just above oxygen ion, bridge 

site between oxygen ions and just above magnesium ion, are considered. 

In Fig.31, calculated I-V curves of (00) beam for various spacings 

(d~) between an iron layer and a topmost MgO(OOl) layer for three 

adsorbed sites are shown together with the experimental I-V curve 
o 

of 2A film thickness. The energy value of calculated I-V curves is 

shifted by the inner potential of VOr=15eV. From these figures, a 

possibility that the adsorbed site locates just above the Mg ion 

is excluded. Though the agreement is not sufficiently excellent to 

conclude quantitatively, three possible positions of iron atom, just 
o 0 

above 0 ion at 2.0A height and bridge site between 0 ions at 2.0A 
o 

or 1.3 A height, are expected. 

Next, the experimental I-V curve of (11) beam is compared with 

the calculated I-V curves for the possible structures and are shown 

in Fig.32. From this figure, the site just above the oxygen ion at 
o 

2.0A height is most probable. This structure seems to be plausible 

if we consider that iron atoms are apt to react on oxygen atom. The 

distance between oxygen and iron atoms is close to the corresponding 
o 0 

values of 2.14A in FeO crystal (NaCl type) and 2.10A (Fe I) in Fe30 4 

crystal (spinel)43). The disappearance of the fine profile which 

is probably based on dynamical effect in experimental I-V curves 

seems to be caused by the lack of crystal perfection. 

Second, in order to confirm the accuracy of the calculation, 

the calculated I-V curve for (00) beam for bulk Fe(OOl) surface is 
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compared with that obtained for the clean Fe(OOl) surface by Nakanishi 

and Horiguchi 44 ). The results are shown in Fig.33. Two I-V curves 

are very similar with each other in respect of peak positions except 

an insignificant difference of the peak shape at about 100eV. Relative 

intesity can be improved by taking a temperature effect into consider-

ation. This calculation takes in 5 phase shifts (£ =4) and 13 beams, max 

and lattice sum in eq.(A.15) was carried out over about 500 lattice 

sites. Although the layer stacking calculation was performed with 

. '-.. 
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Fig.33 Experimental
43

) and calculated I-V curves of (00) beam for Fe(OOl) surface. 
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the RFS perturbation method, it is obvious that the results is suffi-

cient in comparison with that obtained by the Layer Doubling method 

in Appendix G-2. 

Third, experimental I-V curves of thick iron films are compared 

with theoretical ones. Comparing the I-V curves for (00) beam for 
c 

the film with average thickness of more than 10 A with those for 
0 

the film with less than 10 A thickness in Fig.2S, it is obvious that 

in addition to the peak at about 29SeV (peak A) a new peak appears 

at about 270eV (peak B) for the thick films. If the inner potential 

(about lSeV) is taken into account, the energy of this new peak is 

close to that at 290eV in the calculated I-V curves for bcc Fe(OOl) 

surface in Fig.33. Then it is considered that a growth of bcc iron 
o 

film has begun at average film thickness of 10 A. 

Two-dimensional lattice constant of a square lattice for MgO(OOl) 

surface is larger by 4% than that for Fe(OOl) surface. Therefore, 

if iron film grew in pseudomorph, it is expected that the lattice 

within a plane parallel to the surface has spread and the lattice 

spacing perpendicular to the surface has shortened. Two cases are 

considered concerning the spacing. One is the case of which the near-

est neighbour distance between iron atoms is equal to that of bulk 
o 

bcc iron crystal (2.48A), and in that case the lattice constant per-
o 

pendicular to the surface should become c=2.62A (namely, for bcc 
o 

iron crystal c=2.86A). Although I-V curves were calculated for this 

structure, the peak positions did not coincide. 

Another is the case of which the value is estimated from the 

elastic constant38 ), and in that case the lattice constant perpendicu­

lar to the surface is 2.7SA. Calculated I-V curves for this body-

centered tetragonal (bct) iron (001) surface are indicated in Fig.34. 
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Fig.34 Calculated I-V curves of (00) and (11) beams for body-centered tetragonal 
Fe(OOl) surface. 
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bec Fe (Fig.33 or Fig.52} for the comparison with the experimental I-V curves 
for the iron film of 19 X thickness on MgO(OOl) surface shown in Fig.25. 

65 



The energy of the peak at about 3l0eV in the curve of (00) beam is 

consistent to that at 295eV (peak A) in the experimental I-V curves. 
o 

It is considered that the iron film with thickness less than 10 A 

has a bct structure. For the (11) beam, an analogous consideration 
o 

can be applied. According to this model, in iron film more than 10 A 

average thickness, domains of bct Fe(OOl) structure and of bcc Fe(OOl) 

structure coexist. For trial, I-V curves for bct Fe(OOl) surface 

has been added to those for bcc Fe(OOl) surface in the ratio of 0.7 

bct to 0.3 bcc. The results are shown in Fig.35 in comparison with 
o 

those for iron film on MgO(OOl) surface of 19A average thickness. 

Although the agreement of these curves is not sufficient, the experi-

mental results seem to be explained by this model as a first approxi-

mation. As these calculations have been carrid out under the condition 

of T=O K, relative peak intensities will be improved by taking a 

temperature effect into account. 
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§5. Electronic structure of iron films 

5-1. Iron films on Si(lll) surface 

In section 3-1-3, ARUPS spectra for iron films with various 

thicknesses annealed at both low temperature (350 c C) and high tempera­

ture (500 c C), are shown. In order to compare two corresponding spectra 

of the same film thickness more precisely, the difference spectra 

are displayed in Fig.36(a) which are obtained by subtracting the 

spectra shown in Fig.18(a) from those in Fig.19(a). It is indicated 

in the figure that the intensity at E
B

=O.8eV has decreased and that 

the intensity at EB=2eV has increased. In other words, a part of 

the electronic state of the adsorbate has shifted to the higher bind-

ing energy side. This phenomenon is notable for the films more than 

O.6~ thick, that is, for the films which have had phase transition 

from lxl to 2x2 superstructure. It is therefore believed that this 

is caused by a change of the sit-site of adsorbed iron atoms. Further, 

it seems that the intensity at EB=6.8eV has again increased for the 

very thin films less than O.4A thickness. It cannot yet be determined, 

however, whether this is caused by a change of electronic state or 

by the impurity atoms adsorbed on the surface. 

In Fig.36(b) and (c), corresponding difference spectra for the 

other experimental conditions are shown together. Figures (a) and 

(b) are plotted in the same scale of the intensity, while (c) is 

contracted to 1/5 scale. Firstly, the dip at EB=O.8ev in the spectra 

seems to increase nearly in proportion to the amount deposited. Howev-

er, the peak intensity at EB=2eV peculiar to the 2x2 structure does 

not show such a tendency. The height of this peak decreases again 

for the films more than IML (~O.8A) thick. It is likely that for 

films more than IML thick, the sit-site in the case of the 2x2 struc-
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ture was already occupied by excess iron atoms. On the other hand, 

because, as mentioned in section 3-1-1, iron atoms on the surface 

decrease in number after annealing at high temperatures, the dip 

at EB=O.8ev continues to decrease for films more than lML thick. 

Secondly, when the spectra in Fig.36(b) are compared with those 

in Fig.36(a), the peaks peculiar to the 2x2 structure are relatively 

small to the dips. That is, these peaks are sensitive to the direc-

tion of emission. If the final state in eq.(3.l) can be approximated 

by a plane wave, eq.(3.l) can be replaced by 

(5.1) 

~ ~ 
where k f is the wave vector of an outgoing plane wave and ~i(kf) 

is the Fourier transform of initial state45 ). In the case of atomic-

like orbitals, the angular distribution of wave functions in real 

space and that in Fourer space are identical. According to this equa-

tion the angular distribution of electron emission directly reflects 

the orbital symmetry and orientation of the initial state. In this 

2~--" study, because unpolarized light is used, cos (A,k f ) must be averaged 

over a direction angle of A. In the case of normal incidence, as 

~ 
A is within a plane parallel to the surface, when the emission angle 

(8) becomes large, the contribution from this term becomes large. 

Although the dips at EB=O.8eV have such a tendency, the peak peculiar 

to the 2x2 structure shows an opposite behaviour. Then, these two 

states seem to have different angular distributions. 

Thirdly, when the spectra in Fig.36(c) are compared with those 

in Fig.36(a), the peak heights peculiar to the 2x2 structure are 

relatively large in comparison with the magnitudes of dips. This 

shows that this peak is very sensitive to the incident angle of light. 
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o 
Since the emission angle is the same for both cases (8 =30 ), the 

contribution of the factor cos 2 (1,ltf } in eq.(S.I) should be consider­

ed. 

In order to investigate angular and polarization dependence 

of emission more precisely, many energy distribution curves depending 

on the polar angle of emission (8), the azimuthal angle of emission 

(~) and the polar angle of incident light (a) were measured. An exarn-

pIe of difference spectra of polar angle dependence for about IML 

thick film is shown in Fig.37. These spectra are also obtained by 

subtracting the spectra for the films annealed at low temperature 

from the spectra for the films annealed at high temperature. In this 

figure, besides the dip at EB=0.8eV and the peak at EB=2eV, another 

peak appears at EB=3eV. Moreover, though the peak height at EB=2ev 

increases with the emission angle up to about 8=30°, the peak height 

at EB=3ev seems scarcely to change. That is, two peaks of electronic 

state both peculiar to the 2x2 structure have a different angular 

symmetry each other. 

However, it is pointed out that the plane wave approximation 

of the final state is not very realistic in general and at least 

the effect of scattering of the outgoing wave by the surroundings 

should be taken into account8 ,46). This theory is briefly considered 

in Appendix H. In the real adsorbate system, as the initial state 

is not so localized, more complicated superposition of outgoing waves 

must be considered. In either case, at the present time it can not 

be indicated that these peaks or dips mentioned above correspond 

to what kind of electronic states, and further experiments and theo-

retical consideration based on a realistic structure model are re-

quired. 
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surface for various polar angles of emission in the case of glancing incidence 
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5-2. Iron films on MgO(OOl) surface 

In sections 3-2 and 4-2, it is indicated that iron films deposi-

ted on MgO(OOl) surface grow layer-by-layer and form an Fe(OOl) epita-

xial film at room temperature. It seems that the iron film is pseudo-

morphic in early stage and begins to change from bct to bcc structure 
o 

at the stage of about 10 A average film thickness. At the same time, 

Fe-MVV Auger peak height (peak-to-peak amplitude in dN(E)/dE curve) 

indicates a curious behaviour (see Fig.20). 

It is considered that this behaviour on the changing rate of 

Auger peak height is caused by the following reasons: (i) The sticking 

coefficient of coming flying atoms changed, (ii) the film growth 

mode changed, or (iii) an electronic state which is concerned for 

the MVV Auger transition changed. Of these, in the case of suspected 

causes (i) and (ii), other Auger signal also must show the same abnor-

mal behaviour. Then, the suspected cause (iii) seems to be most proba-

ble. 

As mentioned in Appendix A, due to the restriction of the 

signal-to-noise ratio, usually, the peak-to-peak amplitude in the 

derivative of the energy distribution curve (dN(E)/dE curve) is re cog-

nized as an Auger peak height. It is reasonable as far as the peak 

shape in the energy distribution curve (N(E) curve) is analogous, 

that is, the peak width does not change. In the case that the peak 

shape changes, however, the peak-to-peak amplitude does not show 

the intensity of the Auger peak correctly and an integrated intensity 

of the Auger peak in N(E) curve must be estimated. In this case, 

as the crystal structure of an iron film seems to change, it is not 

surprising that the electronic state has changed. 

Therefore, the integrated intensity of Fe-MVV Auger peak has 
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been estimated. Since it is difficult to measure directly the peak 

intensity in N(E) curve due to the restriction of S/N ratio, it has 

been obtained by integrating the dN(E)/dE curve. The principle of 

this procedure is shown in Fig.38. Because the Fe-MVV Auger peak 

exists at the position where the slope of the back ground due to 

the true secondary is very steep, this back gruound has been subtract-

ed from a raw dN(E)/dE curve approximately at first. For the approxi-

- '~,;. 

Electron Energy (eV) 
0 20 40 6.0 80 

(a) 

L corrE!ctlon curve 

I 
Cl) 

LL . after correction 

W 
( b) 

dN(~) 
-0 

"-
dE 

1 -w > ......, 
-' Z I 

'"0 01 I 

:E 
Cl) 

I 
lL. 

N(E) j\ ( c) 

0 20 40 60 
Electron Energy (eV) 

Fig.38 The principle of searching for N(E) curve by means of integration of the 
dN(E)/dE curve after the subtraction of the background. (a) An approximate 
curve ("correction curve") is adjusted to coincide with the back ground 
of the experimental dN(E)/dE curve, (b) The "correction curve" is subtracted 
from the experimental curve, and finally, (c) the dN(E)/dE curve is integrat­
ed. 
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mate curve of the back gruond, the characteristic curve of current 

vs. voltage in correct order of the silicon diode has been used47 ). 

An example of this curve is indicated in the figure as the "correction 

curve". In order to coincide with the experimental curve, this curve 

is adjusted by four potentiometers with a specially designed circuit 

for this purpose, where the position of up and down, the position 

of right and left and the curvature of this curve can be ad;usted. 

60 

40 

'·0 

o·a 

0·6 

0·4 

0·2 

Normalized Auger Peak Helght(peak to peak) 
cv 

(arb.unit) H 

(c) Peak Width (eV) W 

Normalized Int.egrated 
Auger Peak" Intensity 

oL-----~----~----~~----~~--­o 
Deposition 

Fig.39 Change of the Fe-MVV Auger signal: (a) peak-to-peak amplitude in the dN(E)/dE 
curve, and (b) peak height, (c) peak width, (d) integrated intensity in 
the N(E) curve. 
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In Fig.38(b), the dN(E)/dE curve after the subtraction appears on 

almost flat back ground. Finally, this curve is integrated by means 

of an integration circuit and the result is shown in Fig.38(c). 

At the various stages of the average film thickness, this proce-

dure has been carried out and the peak widths of Fe-MVV Auger peak 

in N(E) curve are estimated. Results are shown in Fig.39. From the 

top, (a) peak-to-peak amplitude·in dN(E)/dE curve, (b) peak height 

in N(E) curve, (c) peak width in N(E) curve, and (d) an integrated 

intensity in N(E) curve calculated manually are shown, respectively. 

At the stage of unusual behaviour in curve (a), the peak width becomes 

wide in curve (c). Consequently, though the curve (d) is not thorough-

ly smooth, a curious behaviour is rather moderated. 

Next, it is considered that why the width of Fe-MVV Auger peak 

has changed. Because the valence-band electronic state is very sensi-

tive to the atomic structure, i.e., to the nearest neighbour distance, 

it is reasonable to consider the simultaneous change of the electronic 

vacuum lever 

Fermi 

Inner shell level 

st a te density 
. N(E) . 

. . 
: E ~---;~----------~~ 

M 

Fig.40 Schematic diagram of the MVV Auger transition. 
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state when the structure of the film has changed. In section 4-2, 

it is suggested that the structure has begun to change from the body-

centered tetragonal to the body-centered cubic structure. According 

to this model, the nearest neighbour atomic distance changes from 
o 0 

2.51 A to 2.48 A. 

On the other hand, as is shown in Fig.40, the valence-band elec-

tronic state concerns twice in Fe-MVV Auger transition. Then, the 

energy distribution curve of this Auger peak reflects self-convolution 

of the density of states. 

Heine has indicated that the d-band width at the r point shrinks 

in proportion to the inverse fifth power of the lattice constant48 ). 

Following this concept, as the nearest neighbour atomic distance 

in bct phase is larger than that in bcc phase by 1.2 %, the band 

width becomes narrower by about 6 %. Then, simply speaking, the Auger 

peak width in the energy distribution curve in bct phase is narrower 

than that in bcc phase by about 12 %. In Fig.39(c), at the stage 

of 11 A film thickness the peak width has changed from 6.3 eV to 

7.2 eVe This change may correspond to the value of the rough estima-

tion mentioned above. In this respect, because photoemission spectrum 

can be regarded as one-electron process, ARUPS measurements are in 

preparation now. 
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§6. Summary 

A compound apparatus for angle resolved ultraviolet photoelectron 

spectroscopy (ARUPS) and low energy electron diffraction (LEED) -

Auger electron spectroscopy (AES) has been constructed. A 127~ type 

coaxial cylindrical analyzer on a turn table and a discharge type 

UV source are installed in a lower stage. The electrodes of LEED 

optics and an evaporation source are installed in another upper stage. 

A long-stroke sample manipulator transfers the sample between these 

stages. 

A simple semi-automatic system of LEED spot-tracing has been 

developed. Principal idea is as follows; the spot-photometer is driven 

manually, then the electron energy is changed automatically so that 

the spot moves to the position where it is measured by the photometer. 

Making use of these equipments, MgO(OOI) clean surfaces and 

deposited iron films on Si(lll) and MgO(OOI) surfaces have been inves­

tigated. MgO(OOI) clean surfaces prepared by three different heat 

treatments show similar I-V curves one another, and the theoretical 

curves with no relaxation or with smallest one (2.5% expansion) ob­

tained by dynamical calculations fitted best with the experimental 

curves. Further, the change of the degree of the surface rumpling 

due to heat treatments cannot be recognized. However, it is difficult 

to determine whether it has been rumpled or not. 

Iron film deposited on Si(III)7x7 surface grows layer-by-Iayer 

and forms an bcc Fe(lll) epitaxial film at room temperature. According 

to LEED I-V curves at various stage of average film thickness, it 

seems that an iron film is pseudomorphic at early stage. However, 

owing to annealing at temperatures higher than 400°C, iron atoms 

infiltrate into the Si substrate and the structure of films with 
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more than 1/2 monolayer (ML) thickness has changed from lxl to 2x2 

superstructure. At the same time, a shift of iron d-band electronic 

state to higher binding energy side has been observed by ARUPS. It 

has been also found that the peak intensity peculiar to 2x2 structure 

is sensitive to the angle of incident light as well as to the direc-

tion of emission. Further experiments of the angular distribution 

of emission and theoretical consideration based on a realistic struc-

ture model are required. 

Iron film deposited on MgO(OOl) surface grows layer-by-layer 

and forms a bcc Fe(OOl) epitaxial film at room temperature. According 

to the comparison of LEED I-V curves, at the stage of 1 ML an iron 

film is pseudomorphic and iron atom sits just above an oxygen ion. 

Iron films begin to change from body-centered tetragonal to body-cen-
o 

tered cubic structure at about 10 A average thickness and at the 

same time a widening of valence-band electronic state has been ob-

served by AES. In order to get more precise knowledge, ARUPS measure-

ments are in preparation now. 
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Appendix A. A conventional LEED-AES syetem 

A conventional 4-mesh LEED-AES system is shown in Fig.4l. Con­

centric four grids and a collector with a sample situated at their 

center of curveture are indicated in the figure. In both (L/A) modes 

the sample and the grid nearest to the sample ~re grounded to give 

a field-free region between the grid and the sample in order to en­

sure that secondary electrons produced at the center of curveture 

of the optics should travel in radial paths towards the first grid. 

In the LEED mode, next grids, M2 ,3' are grounded too, and the 

fourth grid, M4 , has a suitable negative potential to prevent elec­

trons which have lost the energy from passing through the grid. This 

improves the S/N ratio of the brightness of the fluorescent screen. 

To the fluorescent screen, high voltage (about 3kV) is supplied and 

the scattering pattern is observed through a viewing port. Electron 

energy can be varied by changing a negative potential supplied to 

an electron gun. 

In the AES mode, the two grids, M2 ,3' have the retarding poten­

tial to prevent electrons which have an energy less than that corre­

sponding to this potential from passing through the grids. Two grids 

are used in order to sharply define the radial retarding field, and 

this is a necessary requirement for high resolution. In order to 

obtain an energy distribution curve, these grids are supplied with 

the ac modulation voltage superimposed on the dc retarding potential. 

The fourth grid, M4 , is held at ground potential as an ac shield 

to reduce the capacitive coupling to the collector. The collector 

is biased a few hundred volts positive. This bias voltage ensures 

that most of the secondary electrons produced at the collector are 

returned to the collector. 
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If now the sample is excited by electrons of energy, eV
O

' and 

the current to the collector, I(V), is recorded as a function of 

the retarding voltage, V, (that is, corresponds to kinetic energy, 

E,) sweeped from ground to -VO' Fig,42(a) is obtained. To obtain 

an energy distribution curve, it is necessary to differentiate this 

curve with respect to the retarding voltage, that is, to determine 

dI(V)/dV curve as a function of V. This is effectively accomplished 

by tuning the detector to the frequency of the modulation (Fig.42(b». 

I 
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Auger r plasma loss (b) 

.",.,. ionlzati n loss 

d2r 
dEZ:. 

= dN~E) 
Ap-p (c) 
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Fig.42 Principles of energy analysis by the retading method. 

82 



In order to obtain the derivative of the energy distribution curve, 

i.e. d 2 I(V)/dV2 , the detector is tuned to the second harmonic of 

the modulation frequency (Fig.42(C». To do these, the lock-in-ampli­

fier principle of synchronous phase sensitive detection is invaluable. 

Usually, the peak-to-peak amplitude ,Ap _p ' in Fig.42(c) is recognized 

as an Auger peak height. 
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Appendix B. Principle of focal properties of input lens and the 

determination of best operation 

The principles of focal properties are shown in Fig.43 l7 ). 

Figure.43(A) shows an example which uses three electrodes. The letters 

of E, El+E and EO indicated in Fig.43(A)(a) correspond to the kinetic 

energies when an electron penetrates each electrode. Namely, E is 

the incident energy. The loop in Fig.43(A)(b) indicates the focal 

locus, and indices on the focal locus indicate the magnification 

ratio (amplitude ratio of image to object). If we can generate a 

(A) 

(0) 

(B) 

(a) 

E+E, 
Eo 

·"0 

'·0 1--.....L....-...L....L....L.L.I..llJ....-.L---1......L....L..LU.JJ 

0·' IP 
E/Eo 

E+EI 
Eo 

10 

0'1 

Cb) 

0·1 

Fig.43 Schematic diagram of focal properties with input lens system17), (A) a 
lens composed of three electrodes, (B) a lens composed of four electrodes, 
and (a) electric circuit to remove the aberration effect, (b) focal locus. 
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voltage, VI=EI/e, which changes along the focal locus with a suitable 

power supply, the position of an image is always on the slit of inci-

dence. It is desirable that it changes along upper half part of the 

focal locus because the change of magnification is small. 

In Fig.43(A)(a), an electric circuit is indicated and when a 

retarding voltage, VO' changes, a potential of the middle electrode 

keeps the condition of VI = kVO+Vc automatically. If we adjust the 

ratio of the potentiometer, k, and a suitable voltage, V , we can c 

sweep along the upper half curve in Fig.43(A)(b) approximately. 

In Fig.43(B), an example of four-electrode lens syetem which 

is an improved one to spread the region which can be approximated 

is shown. The potentials of the two middle electrodes are changed 

to keep the conditions of VI=KIVO+Vcl and V2=k2VO+Vc2' respectively. 

The input lens system shown in Fig.3 is a four-element lens. 

LI , L2 and L3 are the elements of it. L4 and LS form a deflector, 

however, in this study L4 , LS and L6 are connected at the same poten­

tial and treated as the fourth element of input lens. Therefore, 

the electrons are once focused at the point A in Fig.3. Further, 

two electrodes (L6 and L7 ) compose a retarding lens, and finally 

electrons are focused at the slit of incidence. The potential differ-

ence between L6 and L7 , "V6 ,7" in Fig.3, is 20V. If V6 ,7 is changed, 

the object position of the retarding lens (position A) changes, and 

it can give a zoom action. 

In order to obtain the best operation of the input lens system 

experimentally, an electron gun has been put at the "1st stage" in 

Fig.l and a very weak electron beam has been injected into the lens 

directly. In order to produce a focal locus resemble to the loop 

in Fig.43(A)(b), the measurements have been repeated many times by 
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changing several parameters. An example shown in Fig.44(a) indicates 

a variation of the counting rate when the potential of the electrode, 

L2 , is changed under the constant potentials of other electrodes. 

The electron energy passing through the deflector, EO' is SeV. The 

transverse axis corresponds to a longitudinal traverse in Fig.43(A)-

(b), and two peaks in Fig.44(a) correspond to the points where those 

traverse the focal locus. The larger peak in the left hand side and 

the small peak in the right hand side in Fig.44(a) are correspond 

to the focal points in the upper part and the lower part in Fig.43(A)-

(b), respectively. 

By changing the incident energy, E, similar measurements have 

been repeated to obtain the focal locus and an example of such experi-

ments is shown in Fig.44(b). E+E2 and E+E3 indicate the energies 

passing through the electrodes, L2 and L3 , respectively. Although 
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Fig.44 (a) An example of variation of countig rate when the potential of the elec­
trode, L2 , is changed, (b) An example of experimental focal line obtained 
by chang1ng an incident energy. 
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the focal line does not draw a full loop, this curve shows a character 

similar to Fig.4~(A)(b). 

Further, by changing the parameter, (E+E3 )/EO' similar measure­

ments have been repeated to obtain a focal locus as much as straight 

in the energy range for UPS under the condition in which K2 and k3 

are not larger than unity. Finally, a following good combination 

has been found, 

K2 = 0.20, 

k3 = 1.0, 

V20 = 12.65 V, 

V30 = -1.85 V. 

In this case, the parameter, k3' is unity. This means that the elec­

tric circuit becomes similar with that in Fig.43(A)(a) rather than 

that in Fig.43(B)(a), that is, this input lens system operates like 

as three-electrode lens. Because the energy range of the photoelec­

trons is narrow, the combination mentioned above gives a sufficient 

performance. 
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Appendix C. Corrections of geometrical assumptions for LEED spot-

tracing 

When the geometrical assumptions indicated in section 2-2 are 

not realized, eq.(2.4) is not satisfied exactly. If a sample is not 

set at the center of the sphere which is concentric with the segmental 

sphere of the fluorescent screen, and the shift in the direction 

parallel to incident electron beam axis is indicated as ~y, eq.(2.4) 

is modified as, 

E = J:... (l + 2~) 
2m rO 

(A.l) 

Since the deviation of electron energy depends not on xhk but on 

the value of Ahk , this is corrected by the adjustments of VR~ and 

VR2 in Fig.S. 

If the normal incidence of primary electrons is not satisfied, 

eq.(2.4) is modified as, 

E 
1 rOh 2 1 (A. 2) = 2rn (a:-:-) 2 

hk 2 Xhk xhk·x O x hk (1 +~ + 2 ) 
4rO rO 

where Xo is the distance of (00) spot from the center of a fluorescent 

screen, and the xhk is the distance of (hk) spot from the (00) spot 

on the "plane" of projection. This effect can be regarded as a sec-

ond-order effect and practically neglected up to the value of e about 

10c. In fact, in our experimental arrangement the center of the spot 

has been observed always nearly at the center of the aperture of 

the photometer over the whole range of electron energy. 

Finally, although the neglection of the inner potential, VOr ' 

is not correct, this effect corresponds to a shift of electron energy 

by an amount, VOr ' and can be corrected due to a suitable voltage 

biased. 
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Appendix D. Discrimination methods of film growth mode based on AES 

Two discrimination methods of film growth mode based on AES 

have been proposed. These are the Palmberg's criterion23 ) and the 

J k ' . . 2 4 ) h 1mb ' . .. . d d ac son s cr~ter~on • TePa erg s cr~ter~on ~s cons~ ere as 

follows. Each electron produced in a solid has an individual escape 

length corresponding to its energy shown in Fig.4S 40 ). Therefore, 

if a film grows in layer-by-layer mode, normalized Auger peak height 

(normalized by the Auger peak height before deposition for the signal 

of the substrate material and normalized by the Auger peak height 

after sufficiently thick deposition for the signal of the deposited 

material) changes corresponding to each escape length with the film 

thickness as are shown in Fig.46(a)49). However, if a film grows 

in Volmer-Weber mode and an island is in fully 3-dimensional state, 

50 
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Electron EneIgy 

Fig.45 Relation between the el t 1 40) ec ron escape ength and its energy . 
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'Fig.46 Typical examples of the change of normalized Auger peak height during the 
film formation, (a) Frank-van der Merwe growth mode (ref.49) and (b) Volmer­
Weber growth mode (ref.23). 
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Fig.47 Variations of the Auger signals for the substrate S and the adsorbate A 
during the film growth by different mechanism (ref.50), tl is the time for 
the completion of the first monolayer. 
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normalized Auger peak height changes in accordance not with the escape 

length but with the area covered by the deposited material. Therefore, 

the sum of two normalized Auger peak heights is always unity approxi­

mately as is shown in Fig.46(b)23). 

On the other hand, according to the Jackson's criterion, if 

a film grows in layer-by-layer mode, Auger peak height increases 

on a straight line with the film thickness up to the completion of 

first monolayer. Moreover, although the Auger signal increases on 

a straight line during the growth of second layer, the slope of this 

straight line is not equal to the first one but slightly gentle, 

because the Auger electron produced in the first layer of deposited 

material is absorbed by the second layer. Namely, the break point 

should appear at tl shown in Fig.47(b)50) schematically. How to change 

the Auger signals in other growth modes are shown in the figure. 
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Appendix E. Various modes of ARUPS 

The angle resolved measurements of photoelectrons can be per­

formed in various modes 7 ). One is to measure the angular distribution 

of emission as a function of the detector angle, namely, polar angle 

(8) or azimuthal angle (~) in Fig.17, under the condition that the 

incident polar angle (a) and the energy of the light are fixed. The 

change of energy position of the peak in the spectrum curves corres-

ponding to different detector angle gives the two-dimensional disper­

sion relation in connection with It, (the component of the wave vector 

parallel to the surface).I~1 can be estimated from the following 

relation, 

(A.3 ) 

where Ek is the kinetic energy of the photoelectron. 

In the second mode, the incident angle (a) is varied, but 8 

and ~ are fixed. The results with this mode are useful for the "syrn-

metry analysis". The third mode is to fix both angles of incident 

light and the detector and to rotate the sample crystal around its 

normal. This mode is useful for the "symmetry analysis" too. 

Recently, the light generated from the synchrotron radiation 

(SR) is sometimes used. In such a case, the wave length of the inci­

dent light can be changed continuously and the dispersion relations 
...... 

in connection with k~ (the component of the wave vector normal to 

the surface) are obtained.I~1 can be estimated from the following 

relation for 8= O~ 

(A.4 ) 

where VOr is the inner potential. Further, because the light from 

the SR is polarized, measurements for the different polarization 

of the incident light are powerful for the "symmetry analysis". 
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Appendix F. LEED theory 

In Table I representative theoretical treatments of LEED are 

shown. Among these theories, most frequently used procedure for dynam­

ical caluculations mainly based on pendry2) is surveyed below. 

Table I. Representative theoretical treatments of LEEV 

L-space representation 

IT-matrix methodl(exact) 
Beeby(1968)51 ) 

Reverse-scattring-Perturbation 
(RSP) method 

SOZi;mer & Holland(1975) 52) 

k-space representation 

IBloch-wave method I 
McRae(1968) 53) 

IPlanar scatteringl 
Kambe(1967)55) 

I 
I~L-a-y-e-r--~K~K~R--m-e~th-o-d-, 

Jepsen, Marcus & Jona(1971)54) 

Renormalized-Forward-Scattring 
(RFS) perturbation method 

Pendry(1971)56 ) 

ILayer-Doubling methodl 
Van Hove & Pendry(1975) 57) 

'combined-s€ace methodf 
Tong & Van Hove(1977) 58) 

F-l. Calculation of phase shifts 

In order to estimate the "ion-core scattering of an imcident 

electron on a crystal, so-called the "muffin-tin approximation" is 

assumed, that is, the largest non-overlapping spheres (radiusi R ) 

drawn about each nucleus are considered and the potential inside 

is spherically symmetric and the potential outside is constant. The 

total spherical wave scattered from an ion-core is, 
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<p(s) (~) = E i9.+1sinUi9.)exp(io9.) (2t+l)P9.(cos(S(s»)h£ (1) (Kr), (A.S) 
9. 

where, 9. is the angular momentum, 8(s) is the scattering angle, K=!2:E 

is the amplitude of the wave vector in atomic unit, P9. is the Legendre 

polynomial and h9. (1) is the spherical Hankel function of first kind. 

Therefore, a set of phase shifts, 0t' which characterizes a scattering 

amplitude of an ion-core must be calculated. 

One-electron Schrodinger equation governing the motion of an 

incident electron is expressed with the Hartree-Fock approximation, 

-ErIE 
j s. 

J 

11J! • (~ • , s .) 12 
rfr J J J 

1
-+ -+ 1 j s. rO-r. 

J J 

* -+ -+ 1J! . (r . ,s . ) <p (r . ,s . ) 
J J J J J 

I~o - ~jl 
(A. G) 

where <P(~,So) is the wave function of the incident electron and 

W.(z?,s.) is the wave function of the core electrons. So and s. are 
J J J J 

spins of the incident and the core electrons, respectively. The first 

term in the bracket of the left-hand side is the kinetic energy, 

the second term is the Coulomb potential affected from a nucleus 

and z is the nuclear charge, the third term is the potential due 

to the screening charge and the fourth term is the electron correla-

tion. The second term of the left-hand side arises out of considera-

tions of antisymmetry under exchange of particles. For convenience, 

atomic units in which, 

= m e 

are used. Therefore, the units of energy are Hartrees, lH=27.2eV, 

and the Bohr radius is the unit of length, lB.r.=0.S292A. Equation 

(A.G) is added with the correction term from the conduction electrons 

(optical potential; VO=VOr+iVOi) and is solved by numerical integra-
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tion which starts at the center of a nucleus and proceeds out to 

the boundary of the muffin-tin sphere. 

On the other hand, the wave function outside the muffin-tin· 

sphere has the form, 

(A. 7) 

where, S£ is the amplitide of an incoming wave and h£ (2) is the spher­

ical Hankel function of second kind. The first term is an outgoing 

wave and the second term is an incoming wave. Since the ion-core 

potential conserves the current when the electron moves away from 

the center, h£ (1) must have the same amplitude as the incident wave, 

but may differ in phase. 

Finally, at the boundary of the muffin-tin sphere (r=R), the 

wave function solved eq.(A.6) inside the muffin-tin sphere is connect­

ed with the function in eq.(A.7) outside the sphere and a set of 

phase shifts is determined. 

F-2. Kinematical theory 

The crystal is divided into layers of ion-cores parallel to 

the surface. The layer can be divided into two-dimensional unit cells 

parallel to the surface. Because the ion-cores are arranged in a 

·periodic structure within the layer, the scattered waves, $(s), from 

all ion-cores are added to give a set of diffracted beams. Descrip­

tions of the wave field in terms of spherical waves or in terms of 

beams diffracted from the layer, are equivalent and may be used which 

is more convenient. 

For convenience, it is considered that a layer is composed of 

single plane and there is single atom in a unit cell. The scattering 

95 



matrix element among the incident plane wave, exp(iJrot), and the 

scattered plane wave, exp(iK~r), for a single plane based on kinema­g 

tical theory, is, 

(A. 8) 

~ ~ --+ 
where g is a two-dimensional reciprocal vector, ko and kg are the 

wave vectors of incident and diffracted wave, respectively. z is 

the direction of surface normal, A is the area of the unit cell and 

Y£m is the spherical function. Intensity of the diffracted beam is 

proportional to the square of a sum of the amplitude from successive 

layers, 
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I a: 
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.~. 45-

00 spot 

11 spot 
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Fig.48 An example of intensity vs. energy spectrum for Fe(OOl) surface calculated 
in the kinematical theory. 
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where (tis the vector which represents the displacement of equivalent 

successive layers. An example of I-V curve for Fe(OOI) surface is 

shown in Fig.48 for the sake of comparison with that of the dynamical 

calculation. 

F-3. Dynamical calculation of diffraction matrices for single layer 

For convenience, it is considered that a layer is composed of 

single plane. The total amplitude, A£mk' of the incident wave on 

the k-th atom in the unit cell at the origin of the coordinates (~k) 
(0) 

is represented by a sum of the amplitude of incident electron, A£mk ~ 

and the total amplitude of the wave coming up to the atom after scat­

(s) 
tering by other atoms, A£mk ' 

A = A (0) + A (s) 
£mk £mk £mk 

(A.IO) 

A£mk (s) itself depends on A£mk' 

(A.II) 

then, 

(A.12 ) 

where, 

(A .13) 

(A.14 ) 

(A.lS) 

f Y(J (n) Yl,,.(n) Y(J/ l(n) dn A.m km A.-m , (A.16) 
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, 
where r is the summantion over the two-dimensional lattice site 

j 
excluding itself (j=O). Consequently, the scattering matrix element 

between the waves, namely, one is a plane wave impinging on sigle 

atomic layer, exp(ikgrr), and the other is a scattered plane wave, 

.4 + 
exp ( 1kg7r), is, 

+± 
M~-+- = 
gg 

8 
2. 

1T 1 

x exp (io {(k» sin (0 {(k» (A.17) 

. ~± 1 . Due to the energy and momentum conservat10n, k~ has the re at10n g 

with the wave vector of incident electron, kO (/kol =j2 (E-VO»' and 

-+ 
g as follows" 

k + =+ [2 (E-V )- fk~ + 12] 1/2 gz - 0 I ""g.11 
(A.18 ) 

~ + . ~-
where k~ 1S the wave going inward of a crystal and k~ is the wave g g 

going outward. 

F-4. Stacking of successive layers 

Once the individual layer diffraction matrices are known, the 

total diffraction can be calculated by a stacking of such layers. 

Relatively time saving and most frequently used method is either 

the Renormalized Forward Scattering (RFS) perturbation methodS6 ) 

or the Layer Doubling methodS7 ). 

The RFS perturbation method applicable when the forward scatter-

ing is relatively dominant is the useful and very rapid method. 

Figure.49(a) shows a principle of this perturbation method. An inci-
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dent electron penetrates into a crystal up to decay sufficiently. 

The lowest order perturbation for diffracted beam intensity contains 

all paths that have been reflected only once, but transmitted any 

number of layers. The second order contains only triple-reflection 

paths, and so on. This procedure is repeated for higher order until 

the total reflected amplitude converges. If the diffraction matrices 

mentioned above are rewrited as follows, 

M++=t++, M =t , -+ -+ M =r , +- +­
M =r , (A.19 ) 

the plane wave amplitude, a(i)g' in the i-th interlayer spacing is 

Incident beam t~ t~ t-===: t~ t-=:. 

Isl order ~J ==-fJ ~l ~l ~l ~j 
t ( t l f [. f r t-

~ ~ ~l~ .. . 

2d d 
=- ~Jt~]f~Jf ... . 

n or er ~f l =-t r=--t [=""'""""""f 
~~r 

3 d d =---- ____ J f~] f .... 
r orer~t =[' 

a ~ f 
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U
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Fig.49 Mechanism of the Renormalized Forward Scattering perturbation method3 ) , 
(a) overall scheme, (b) and (c) details of each propagation step for pene­
tration into and emergence out of the surface, respectively. 
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computed iteratively using two expressions, one for penetration 

(Fig.49(b)), 

new [ ++ +(i-l) 
a(i)g =]-1 tgg/ Pg" a(i-l)g/+ 

+- - (i) J r_4,., p-.... a(. )_ ..... gg g 1. g (A.20) 

and one for emergence (Fig.49(c)), 

new [ -- - ( i + 1)· -+ + ( i ) J 
a(i)g = ~/ tgg..- Pg.... a(i+l)g .... + rgg/ Pg'" a(i)g" (A.2l) 

where p~±(i) are the plane wave propagators between appropriate refer­
g 

ence points on successive layers. By counting the surface barrier 

as i=l, the initial values for the iteration are, 

a(i)g=O for all i,g (A. 22 ) 

The RFS perturbation scheme uses typically about 10 layers and 

3-4 orders of iteration for convergence and requires relatively small 

amounts of computation memories and time. This method fails, however, 

to converge well when the mUltiple scattering between any pair of 

successive layers is very strong and/or when an interlayer spacing 

becomes small « 1. OA), because of requirement many evanescent plane 

waves for the description of the wave field. Under these conditions, 

the Layer Doubling method is more reliable than the RFS method. 

Calculating mechanism of layer doubling is shown in Fig.50. 

Two different layers A and B which stack alternately are considered, 

and each layer has reflection and transmission amplitudes, r A+-, 

-+ ++ -- +- -+ ++ --
r A ' tA ' tA and r B ,rB ' tB ' tB ' respectively. The combined 

pair has the diffraction amplitudes given by the following matrix 

equations, 

-+ -+ -- - -+ + +- - -+ + -1 ++ R = r A + tA P r B P (1 - r A P r B P) tA , 

t ++P+(l +- - -+ +)-1 ++ 
= B - r A P r B P tA, 
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T 

-+ + +- - -1 -­
r B P r A P) tB , 

-- - -+ + +- - -1 = tA P (1 - r B P r A P) tB , (A.23) 

where p+ and P are the diagonal matrices propagating the plane wave 

from an atom center in layer A to an atom center in layer B and vice 

versa. Multiple scattering between the layers is taken into account 

exactly by the matrix inversion. For iteration, the results on the 

left-hand side of eq.(A.23) are substituted into the right-hand sides 

to produce new left-hand sides, and so on. 

The Layer Doubling method consumes also much time owing to many 

evanescent waves for the description of the wave field when an inter-

o 
layer spacing becomes more small «O.SA). For that case, the combined 

space method for composite layer should be constituted. 

B 

a 

R-+) '77?7~~ 
T---t-L-J.-L-.L-L-L-C-L.-:t-

Fig.50 Mechanism of Layer Doubling. 3 ) 
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F-S. Combined space method for composite layerS8 ) 

The combined space method divides layers of a crystal into two 

groups. Multiple scattering within a layer having plural planes of 

small interplaner separation (composite layer; this includes the 

case of plural atoms per unit cell within a plane) is solved in the 

angular momentum space (L-space) representation using matrix inversion 

or iterations (Reverse Scattering Perturbation; RSP). On the other 

hand, mUltiple scattering between other crystal layers separated 

by larger interlayer spacing is solved in k-space representation 

using the RFS perturbation or the Layer Doubling method. 

A composite layer with N subplanes (all subplanes have identical 

Bravais lattice, but their atoms may be of different species) is 

considered. Accordingly, if a unit cell being in a plane has n atoms, 

n subplanes are considered. If TL~i is defined as the scattering 

matrix including all those scattering paths within the composite 

layer and terminating at the subplane i in the spherical wave 

(L=(~,m)) representation, the diffraction matrix elements Mggt± for 

the entire composite layer are obtained, 

±± 
M-""-" = gg 

where 

R i± - (. -k + ~ ) g - exp ±~ g- r i . (A.2S) 

TL~i is connected with the scattering matrix, TL~i, contains all 

scattering paths within a subplane i, and TL~i is connected with 

the scattering t-matrix of a single atom in the subplane i, 

I 

21kol 
exp(ioi) I (A. 26) 
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F-6. Temperature effect 

The effect of thermal vibrations is represented by the Debye­

WaIler factor e-M• The relation between the two sets of phase shifts 

o£ (T) and O£ (0) is given
2

) by, 

I' 

exp(ion(T»sino n (T) = L iiexpC-2aK2) jn/C-2iaK2) 
N N i1" N 

1/ 

where K2=12(E-VO)/' B£(io.£O) is given by eq.(A.16), j£ is the spheri-

cal Bessel function of first kind. In the case that thermal vibrations 

are isotropic, 

I-;! -+'12 exp(-Mx ) = exp(-olk-k )~ 

and in the high temperature limit ( ~/T is small), 

a-
3h2T 

2mkB @o
2 , -

or in the low temperature limit, 

3h2 I T2 
a ~ (- + 1.642~) , 

- 2mkB 6 0 
4 @O 

CA. 28 ) 

(A. 29) 

CA.30) 

where kB is the Boltzman factor and ~is the Oebye temperature. 

The high temperature limit is more appropriate to most of LEED experi-

ments. 

O£(T) calculated in this way is not real. The imaginary component 

is always positive, therefore, less flux is scattered than is incident 

on the ion-core, that is, the flux conservation in the scattering 

process is sacrificed. 
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Appendix G. Accuracy of calculations on diffracted intensity 

G-l. Examples of calculations for different set of parameters 

In order to confirm that the I-V curve calculated by a rather 

0·02 

0·01 

o· 

. MgO (Oon cafe. 

e .. oo 

. (c) 
I 

Cd) 

(e) 

~ -
(I) 

.c (11) spot 
CD -C ..... 

·0-01 

(20) spot 

100 

/'" . , \ , \ 

\ 
\L .-------1 . 

·300 
Energy (eV) 

Fig.5l Calculated I-V curves of (10), (11) and (20) beams for MgO(OOl) surface. 
Curve d is calculated under the following conditions; (i) phase shifts of 
the Hartree-Fock approximation are used, (ii) 29 beams are included, (iii) 
i =4, (iv) T=OK. Other curves are calculated by using one different parame­
t~~Xin comparison with the curve d, namely, curve a: phase shifts of the 
Hartree approximation are used, curve b: 69 beams are included, curve c: 
9. =6, curve e: T=400K (Ifb =900K). max ~ 
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simple set of parameters has a sufficient accuracy for the present 

purpose, several theoretical curves have been calculated for different 

or more improved parameters. Examples of them are shown in Fig.5l. 

Curve d is a standerd one. Other curves are calculated using one 

different parameter in comparison with the curve d. Namely, curve a is 

calculated using the phase shifts obtained by the Hartree approxima-

tion. Curve b is calculated including 69 beams. Curve c is the result 

of the calculation using 7 phase shifts (tmax=6). Curve e is calcu­

lated using the phase shifts in which a temperature effect (T=300 K) 

is included. The Debye temperature is assumed to be 900 K. 

These curves are very similar to curves d except in some re-

spects. For example, one can see that the profile of (11) spot of 

curve a in energy region lower than 100eV is not same. It seems that 

what kind of potential is used for the calculation of phase shifts 

is very impotant in low energy region, but hardly causes influence 

upon the curve in the energy region higher than 100eV. Kinniburgh29 ) 

has pointed out that the calculations excluding exchange potential 

were better. However, measurements in such low energy region have 

been impossible in this study. Some other difference will be discussed 

when it is appropriate in the text. 

G-2. Comparison between RFS perturbation and Layer Doubling methods 

As mentioned in Appedix F-4, mUltiple scattering between succes-

sive layers is dealed with the RFS perturbation method or the Layer 

Doubling method. I-V curves based on two methods are compared as 

an example of calculations for Fe(OOl) surface shown in Fig.52. Be-

cause these curves are very similar, the RFS perturbation method 
~ 

is good enough for the case of large layer spacing, namely, d =1.43A 

for Fe(OOl) surface. 
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By the way, in comparison with the kinematical calculations 

for the same surface structure and the scattering condition in Fig.48, 

there are many notable ~espects, namely, appearance of many peaks 

and shoulders, a broadening of the peak width and the change of rela-

tive intensities etc. 

~ -
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Fig.52 Calculated I-V curves for bcc Fe(OOl) surf~ce by different layer stacking 
methods of RFS perturbation and Layer Doub11ng. 
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Appendix H. Final state effect; angular distribution of photoemission 

from atoms 

According to Liebsch8 ), the interaction of the outgoing wave 

with the atomic potential causes the final state to consist of a 

superposition of spherical waves, 

Wf(r) = 47T iYL(n{kf » (-i)9. exp (i09.)R9. f(Kr)YLW(r»" (A.3l) 

where R9. f(Kr) is the radial solution of Schrodiger equation. Inserting 

eq.(A.3l) into eq.(3.l), the differential cross section can be written 

in the form, 

where the identity, 

47T 1 * ~ ~ = 3 E Y
lm 

(n (A» Y W (r) ) 
m=-l lm 

(A. 33) 

is used. The angular momentum of the initial state is denoted by 

L i =(9. i ,mi ) an~ R
tf

9.
i 

is the radial matrix element. The Gaunt coeffi­

cient, 

(A. 34) 

determines the selection rules imposed by the transition process, 

m-m. , 
1. 

(A. 35) 

where m specifies the orientation of the polarization vector of light. 
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