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1. Historic background 

Rるntgen’ssurprising discovery in November 1895 can be regarded as 

the great break-through from classical physics to a new era, which 

developed into modern atomic physics. 日ittorf, Lenard and Crookes 

made important preliminary work in this field, a fact that Rontgen 

pointed out in his report on the discovery ”Uber eine neue Art von 

Strahlen”・ Heand many other scientists must have been strongly sti-

rnulated by the almost science-fiction like picture, that Crookes 

called forth at a meeting in Royal Society in London in 1878：”The 

phenomena in these exhausted tubes reveal to physical science a new 
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world -a world where matter may exist in a fourth state, where the 

corpuscular theory of light may be true, and where light does not 

always move in straight lines, but where we can never enter, and 

with which we must be content to observe and experiment from the 

outside.” 

Many of the scientists at that time worked intensely in this field 

and had certainly also used fluorescence screens and had by those 

means the conditions for the discovery of the radiation. It is, how-

ever, interesting to note how Rontgen at his sensational discovery 

investigated with scientific thoroughness the properties of the new 

radiation. Quickly and with superior experimental skilfulness Rりntgen

attained order in a field, that before had been completely outside 

human experience. It would last almost 17 years until any essentially 

new properties of this radiation were being added to those which 

Rontgen himself had found. One of Rontgen’s early observations, which 

would be significant in the medical use, was that when the cathode 

radiation in the tube scattered against platinum it appeared a harder 

radiation than when it scattered against aluminium, glass or other 

light materials. The most essential novelty for atomic physics in 

general was that one had found a radiation that could find its way 

through every kind of material and, in particular, could penetrate 

the before hidden interior part of the atom. In that way the necessary 

conditions had been created for a first analysis of the inner structure 

of the atom. 

The next break-through in the scientific field came first with the 

discovery of the diffraction of this radiation in crystals by von 

Laue, Friedrich and Knipping in 1912. Somewhat before, however, Barkla 

and others had with simple means furnished proofs of some properties 

of the Rるntgenradiation, which had significance for the further 

development of atomic physics. After the penetration of aluminium 

foils the ”sof t”part of the radiation was quickly absorbed. Left 

behind was a rather homogeneous radiation. Allowing thi s”hard” 
radiation to strike an arbitrary plate, one could in the scattered 

radiation find three different components (Fig.l). The lli主主 component 

consisted of scattered radiation of the same kind as the impinging 
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Fig. 1 

2nd 

Component 

1st 

Component 

3rd 

Component 

The interaction of X『 Eadiation with matter. One component is the 
scattered X-radiation with the same energy as the primary radiation 
from the X-ray tube. The second component is characteristic of the 
material being studied. In optical terminology this is the fluorescence 
radiation which developed into X-ray emission spectroscopy. The third 
component consists of electrons and is the basis for modern electron 
spectroscopy. 

one. The~単 component was secondary X-radiation which was softer 

than the impinging one and characteristic of the irradiated material. 

From the study of this characteristic radiation Barkla could distinguish 

between two series of radiation, which he called K-and L-fluorescence 

radiation. For a certain element the penetration of the K-radiation 

was 300 times higher than for the L-radiation. From these early obser-

vat1ons X-ray spectroscopy was generally developed by means of the 

more and more refined X-ray diffraction methods. X-ray spectroscopy 

made possible an atomic analysis of different materials and led to 

the discovery of new elements like hafnium and rhenium. The shell 

structure of the atoms (Fig・2) could be investigated by X-ray spectro-

scopy, a field in which my father was deeply involved /1/ and atomic 

physics was put on solid grounds. 

The主弘正 componentof the scattered radiation was found to consist 

of electrons, which were expelled from the irradiated material. What 

happened in this field of spectroscopy? For a very long time it was 

shadowed by the successful study of X-ray spectroscopy. In the twenties 

spectroscopic investigations of the secondary electrons, the ”photo-

electrons”， were started by e・9・H. Robinson in England and M. de 
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Fig. 2 
X-ray emission spectrum (in A) from the elements showing the three 
series K, Land M. 

Broglie in France. They showed by means of magnetic deflection of 

the electrons, that also this component contained information on the 

shell structure of the atom and that one could obtain approximate 

values of the binding energies for the electrons in the different 

shells. This field turned out to be much more difficult to master 

and the accuracy was small. 

My interest in this third component began early in the fifties. For 

some time I had been concerned with techniques to investigate electrons, 

emitted il'.1 radio-active e decay. A suitable way to investigate they 

radiation was to cover the radioactive sample by a thin lead foil 

and to record the expelled photoelectrons from the foil by an electron 

spectrometer. This work gradually led to improved resolution in nuclear 

spectroscopy /2/. I was finally able to observe and measure the inher-

ent widths of conversion-electron lines due to the finite widths of 

the atomic levels involved in the internal conversion process during 

the nuclear decay ．工norder to observe such phenomena a resolution 
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of 1:104 at these energies, around 100 keV, was required. The investi-

gations were performed by means of a magnetic double focussing iron 

free spectrometer with large dispersion (R=30 cm). Fig・3shows the 

different internal widths of the F『 andI-conversion lines in the 

decay of radioactive ThB, the former line converted in the K shell 

the latter in the LI shell. 
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Fig. 3 
ThB F-and I-lines. Internal conversion in the Kand LT shells, 
respectively. At this high resolution one can notice the diffe土ent
inherent widths of these 8 -lines. 

Most of the high resolution work in my laboratory during that period 

of time was performed with a large double focussing magnetic spectro-

meter with iron yoke (R=SO cm) which was specially designed for study-

1ng complicated decay schemes of radioactive isotopes. The most complex 
194 

of these was Au • It contained more than 100 y-transitions, the 

conversion electron spectrum contained some 350 detectable lines. By 

means of a double counter operated in coincidence it was possible to 

detect lines of an intensity of 10-S times that of the strongest 

lines. Fig・4 shows a limited part of that spectrum. In these investi-

gat1ons both internal and external photoelectron spectra were taken 

and the final decay scheme, further checked by coincidence studies 

from selected nuclear levels, is reproduced in Fig・5.
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194 Decay scheme of Au based on the internal conversion electron line 

and external photoelectron line spectra. 
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My interest to 1nvest1gate finer details in nuclear spectra continuously 

tempted me to go back to Rるntgen’soriginal discovery and, more pre-

cisely, to the third component mentioned before and to see if new 

methods could be applied to atoms, molecules and solids using an x-

ray tube instead of nuclear y radiation. For this purpose the above 

mentioned iron free double focusing instrument was constructed and 

adopted to investigating electron energies some orders of magnitude 

less than in nuclear S decay. Robinson and some other sicentists 

around 1925 had been able to establish that electrons expelled from 

metals by means of the photoelectric effect exhibited an energy 

distribution that was consistent with the shell structure of atoms 

which had been studied in much more detail by X-ray emission and 

absorption spectroscopy. During the thirties and forties much of the 

interest in atomic physics shifted to nuclear physics. Partly because 

of this and partly because of the lack of adequate methods for handling 

the experimental problems associated with electron spectroscopy the 

field had waited for its development and exploration. 

The mentioned early period is represented by the top of Fig・6which 

shows a photographic recording of the photoelectron spectrum of gold 

by Robinson /3/ in 1925. The various levels in gold are distinguished 

in Robinson’s spectrum and also in the corresponding photometric 

recording・Thewell-known NV工， NVII doublet, extensively used for 

calibrations in modern electron spectroscopy, is not observed in 

this early spectrum, however, and obviously the electron distributions 

rather resemble X-ray absorption distributions than true lines. 

At the later part of the fifties the work in my laboratory had led 

to the development of an electron spectroscopy which was characterized 

by narrow electron lines from solid materials excited by X-radiation. 

The recorded electron lines were well defined by widths set by the 

inherent atomic widths themselves. The state of the art during this 

period is illustrated by the recordings of the gold spin doublet 

made during the early 60’s in my laboratory (to the right of Robin-

son’s spectrum). The same spectrum taken some years later is shown 

in the middle of the figure on an energy scale expanded by a factor 

600 compared to Robinson’s spectrum. The improvement in resolution 
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between the two later spectra is due to the introduction of x-ray 

monochromatization by means of crystal diffraction of the AlKα E adi-

ation. This made it possible to pass beyond the pr::evious limit set 

by the inherent width of the X-ray line. The lowest part of the figure 

illustrates one particularly important feature of electron spectro-

scopy. The difference between the middle and the lowest part of the 

figure demonstrates the三巴主g sensitivity of this spectroscopy. A 

fingerprint on the gold foil completely wipes out the gold lines and 

replaces them by other lines dependent on what elements happened to 

be on the surface layer of that finger. 

Electron spectroscopy is nowadays an independent alternative to x-

ray and other spectroscopies and contributes with much new information 

about the properties of matter. In particular surface science and 

technology makes use of electron spectroscopy as a convenient tool 

to characterize surface conditions and reactions. Applications are 

found in many other areas in the border lines between physics and 

chemistry. To emphasize these aspects the acronyme ESCA (electron 

spectroscopy for chemical analysis) was introduced /4,5/. The histori-

cal baclくgroundis covered in several more recent works /6,7,8,9/. 

Fig. 6 
Some steps in the development of photoelectron spectroscopy excited 
by X-radiation. Upper figure to the left: the recording of gold as 
obtained by Robinson in 1925 with its photometer curve. To the right: 
the ”gold doublet ”photoelectron lines around electron binding energies 
of Es向 85eV as observed after that photoelectron line spectroscopy 
had beei:i developed at the end of the fifties. These and any of the 
other lines cannot be seen in the previous spectrum. The middle 
spectrum shows the same spectrum when X-ray monochromatization of 
Al氏αat1486. 6 eV (ti h¥! =O. 2 eV) had been introduced. The gold doublet 
is inserted in this fig・urein an expanded scale -600 times that of 
the Robinson spectrum. The lower figure shows the surface sensitivity 
of electron spectroscopy. A fingerprint has wiped out the gold lines 
and produced new lines. 
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2. Some basic features of electron spectroscopy 

In photoelectron spectroscopy the sample is introduced into vacuum 

and radiated with soft X-rays, ultra-violet light or synchrotron 

radiation. In addition, an electron beam can supplementary be used 

to excite Auger electron spectra by electrons and, if properly mono-

chromatized, for electron scattering spectroscopy. A certain number 

of the electrons which are expelled from their atomic bindings may 

leave the surface layer without energy losses, the scanning depth 

being set by the energy dependent mean free paths. An electrostatic 

lens system collects and focusses the electrons onto the slit of the 

electron analyser. An extended detector is situated in the focal 

plane where the different electrons are simultaneously being recorded. 

These events appear on the screen of a computer as a fence of separate 

electron lines (see Fig.7). These lines characterize the examined 

substance, the elemental composition and the chemical bindings. 

ELECTRON SPECTROSCOPY 
FOR 

A TOMS, MOLECULES AND CONDENSεO MATTER 

I EXCITAllON I ~コ I ElECTR側伊ECT附 ET日

~コ邑·~~；フ

日~「恥~；h，.－・1 ¥ ¥ II。nGun I 

E コ［長1そ1つ

Fig. 7 
Scope of electron spectroscopy. 
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Excitation of core and valence electron spectra. 

Electron 
三pectrum

Solid materials with elements over the whole periodic system can be 

examined and also gases down to low pressures -1-10-S tor E・Thespectre-

scopy has been applied also to liquids and solutions. Extensions of 

electron spectroscopy are under way by using LASER radiation for 

excitation (in particular resonance enhanced multiphoton ionization, 

REMPI) • 

Fig.8 illustrates an atom which is bound to other atoms in molecular 

valence bondings, alternatively adsorbed or chemically bound to a 

surface. In order to eject electrons from the inner part of an atom 

(the ”cor e”z egion) harder radiation is required than for the external 

valence electron region. When an electron is emitted a hole is created 

in the electron shell. This is immediately followed by a relaxation 

of the other electrons which thereby adjust themselves to the new 

potential by means of a”shrinkage”and flow in the surrounding 

electron cloud. The hole has a certain very short lifetime (<lo-14sec) 

before it is filled by an electron from some externally situated 

shell. The atom can dispose of the released energy either in the 
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form of an X-ray photon or by emitting another (Auger) electron. In 

such a case three levels are involved (e.g・LMMetc.) • Such electrons 

are recorded together with the primary emitted photoelectron spectrum. 

One advantage to excite Auger electrons by X-rays compared to elec-

trons is the great improvement in signal to background. These con-

ditions are further discussed later in this survey. 

When a chemical compound between two or more atoms is formed a 

redistribution of the external valence electrons of the atoms occurs 

which are responsible for the chemical bonds. The electric potential 

around a certain atom in the molecule will then be changed, to an 

extent which is dependent on the specific nature of the chemical 

bond in the different cases (e.g・atdifferent”states of oxidation”） ． 

This new electric potential influences the bond strength of the inner 

electrons which surrounds the atomic nucleus and the consequence of 

this is a”chemical shif t”i n the recorded electron spectrum. This 

information is exceedingly important in electron spectroscopy. One 

can for example easily distinguish, even at modest resolution, between 

metallic atoms and those which have been oxidized at the surface 

layer. 

Fig・9 shows such a case /10/. It concerns the surface of a silicon 

crystal and one observes in the electron spectrum taken at modest 

resolution two main lines which are due to the electrons from the 2s 

and 2p levels, respectively, from silicon. The spectrum also contains 

some satellites which are due to discrete energy losses of electrons. 

The difference between the lower and upper figure is that the crystal 

surface has been tilted so that the electrons in the latter case 

leave the sample at a small angle from the surface. Those electrons 

which come from below, from the ”bulk”，are then absorbed to a larger 

extent than those from the outer surface layer. The surface layer is 

favoured. One can notice how the slightly oxidized silicon layer on 

the surface shows up strongly in the form of Si02 lines to the left 

of the Si lines. They were only barely visible 1n the other spectrum. 

At improved resolution (Fig・10) much more detailed information is 

obtainable concerning the depth composition at the oxidation /11/. 
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99 

Well-resolved 2Pl/2 and 2p3;2 core lines of Si(lll) at T=300 Kand 
0=450 by means of monochromatized AlKα1486.6 ev (l¥h¥)=Q.2 eV) Observe 
the low background. 

This is a simple and commonly used method to distinguish between 

bulk and surface. The surface sensitivity is a small fraction of a 

single atomic layer, under certain conditions less than a percent of 

an atomic layer. 

The spectral resolution can be pushed much further than what is shown 

in Fig.9 and 10. Fig.11 gives a highly resolved spectrum of the 

Si2p1;2,312 doublet excited by means of monochromatized AlK，αE  ays 

/12/. Here the doublet is completely resolved in two components 

instead of the unresolved one in the previous figure. The background 

is also very small, essentially zero. Small intensity structures can 

then be observed slightly above background. 

An increasing number of ESCA instruments are now in operation which 

are provided with X-ray monochromators for high resolution work. To 

a much less extent these are combined with a rotating anode. Still 

it is this combination which offers the best advantages for high 

resolution at high intensities. Ultimately, the recorded electron 

linewidths are set by the inherent levels widths. The use of an x-

ray monochromator significantly improves the conditions for accurate 
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deconvolutions at the analysis of the spectra, since the lines are 

getting narrower and the signal to background ratio is enhanced. The 

electron lines due to X-ray satellites situated close to the real 

line structures are elliminated and so is the background due to brems-

strahlung・

In photoelectron spectroscopy the recorded linewidths are lifetime 

and vibration limited. As an example carbon lines from polymers are 

usually rather broad by nature （ぶleV). If the sample is an insulator 

one always has to take precautions to avoid charging of the sample 

surface. Methods have been developed to elliminate or greatly reduce 

such artefacts in the spectra. Usually an electron flood gun with 

very low energy electrons is used to flooding the sample or one may 

simply use the degraded flux of electrons from the X-ray electron 

production at the sample by surrounding the sample by a cavity with 

two holes, one for the X-rays and one for the expelled photoelectrons 

in the direction of the slit of the analyzer. A more recent arrange-

ment, 1s to use an unfocused electron gun with electrons in the 1 

keV region. Another recently developed method is to use a wire net 

at a defined potential fairly closely situated to the sample surface. 

A further possibility which will be further studied would be to rotate 

the samples during the exposure. These methods are convenient to 

apply when the X-ray beam is strongly focussed onto the sample. As a 

general rule the samples should be made as thin as possible and be 

deposited on a conducting backing. 

Some electron spectra will demonstrate the state of the art at good 

resolution /13/. Fig.12 shows the electron spectrum of copper・One

observes the core levels with their different widths and intensities. 

Close to zero binding energy the conduction band (3d4s) is recorded. 

This structure and similar ones from metals and alloys etc. can be 

separately studied in much more detail at larger dispersion (see 

e・9・Figs.35 and 36）.工n the spectrum one also observes the Auger 

electron lines due to LMM transitions in the region excited by the 

same Al~ radiation. 
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Fig. 15 
MgKLL Auger electron lines at different stages of oxidation. Volume 
plasmons for each electron line are also observed. The chemical shift 
of the Mg2p line is inserted. The Ne Auger electron spectrum excited 
by electrons is inserted for comparison with Mg・Thisspectrum contains 
a great number of well resolved satellites /5/. 

evidently a large chemical effect, even larger than the atomic spin-

orbit splitting, which is just resolved in the spectrum. The lower 

part of the figure shows the corresponding shift between the 2s levels. 

One observes here the larger inherent linewidths of the s-levels. 

The chemical shift is almost the same, 5.82 eV, but may give room 

for a small second order effect. 

The second example (Fig・15) concerns the MgKLL Auger electron spectrur.. 

excited with AlK，α E adiation at different stages of oxidation. The 
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of electron excitation. Inserted in the figure is the Mg2p photoelec-

tron line and the chemical shift of this during oxidation. 

The chemical shift effect is frequently used in polymer technology 

for characterization of such materials. Fig.16 shows the Cls core 

line splitting in five components in the case of Viton. The relative 

intensities between the lines depend on the branching ratio in the 

polymer chain. From the spectrum in Fig・16one can in this way 

distinguish between Viton 65 and Viton 80. 

Fig.17 is a commonly used ’test’sample in ESCA, namely PMMA {poly-

methylmethacrylate). It is a polymer with wide-spread applications, 

e.g. in the production of semiconductor chips by means of lithography. 

The polymer chain consists of the group indicated in the figure. A 

good instrument, e.g・onewith well focussed X-rays, should be able 

to resolve sufficiently well the different carbon atoms in this group 

/14/. It is an insulator and therefore subject to charging if not 

the correct precautions have been taken to eliminate this effect. 

The inherent widths of the photo lines are partly set by internal 

vibrations in this case. It is therefore not possible to distinguish 

all the lines completely. However, with good statistics (high inten-

sity, low background and monochromatic X-radiation) a reliable decon-

volution can be made showing four carbon components on the ・Eight’ 
places, which is good enough for a characterization of this polymer・

3. Monochromatization of the exciting X-radiation. Instrumental arrange-

ments. 

An ultimate factor in reaching high resolution is the monochromacy 

of the exciting radiation. In the X-ray region one can use X-ray 

lines to confine much of the available X四 radiationenergy into a 

very narrow region defined by the inherent linewidth of the kαl ine 

of the anode material (e.g・Alor Mg). For further improvements mono-

chromatization by means of X-ray diffraction against a crystal (e.g・

- 20ー



quartz) 1s necessary. Regardless whether one starts with the discrete 

line spectrum of an anode material or the continuous spectrum of 

synchrotron radiation, which allows a continuously variable wavelength, 

it is the properties of the diffracting crystal which set the limit 

for the final resolution. Import会ntfactors here are the number of 

lattice planes in the crystal taking part in the diffraction and the 

suitable choice of crystal material to withstand radiation damage. 

Furthermore, mosaic structure of the crystal is a disadvantage for 

high resolution. Quartz is a particularly good choice for reaching 

highest resolution but is on the other hand fairly radiation sensi-

tive and therefore not suitable in too high concentration of radiation, 

e.g・synchrotronradiation. 

In the case of Alぬ radiation the Bragg angle for quartz (010) is 

78° which means that reflexion is almost at normal incidence. Under 

these conditions a spherically bent crystal will approximately achieve 

two directional focussing, i.e. point to point imaging・Thereflecti-

vity is quite high, around 50も. Using an array of such crystals (our 

recent design contains 19 crystals, each with a diameter of 6 cm) on 

the Rowland circle, or rather on a Rowland surface, one can collect 

and focus a substantial solid angle of monochromatized X-radiation 

with high intensity for the production of photoelectrons at the 

position of the sample. 

In order to get a maximum of highly monochromatic X-radiation the 

primary radiation has to be emitted from as small a surface element 

as possible. The anode has to be watercooled and at the same time 

rotating in a good vacuum. In my most recent design the rotor will 

be magnetically suspended (see Fig.18) with an asynchronous elmotor 

between the ・active’magneticbearings. By means of electronic sensors 

the rotating body is fixed (and adjustable) in both radial and axial 

directions. This is a stable and safe arrangement which does not 

require lubrication. 

The design of a rotating anode is technically a demanding task. My 

laboratory has been dealing with such problems for a long period of 

time. The anode should be capable of very high speeds of rotation 
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Fig. 18 
The design of a new hi句hspeed, magnetically suspended, water cooled 
rotating anode. This high intensity X-ray generator is provided with 
two electron guns and several different anode materials along the 
rotor periphery to generate different X-ray wavelengths. 
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(>10 000 rpm) and strongly water cooled in order to be able to accept 

the high power levels required on a small area. With minor modifi-

cations the design according to Fig.18 can be made in any desired 

size. As an example, at 15 000 rpm and a diameter of 50 cm the rotor 

has a speed at the perifery of -400 m/sec, i.e. well above the 

velocity of sound. For even higher speeds the strengths of the rotor 

itself, if necessary, can be further improved in the future by using 

composite materials. Dependent on the chosen spot size of the electron 

gun and the particular anode material one might be able to dissipate 

a power of -50 kW due to an efficient water cooling of the rotor 

perifery. The heat generated at the surface of the rotor is distri-

buted over the whole perifery but on top of that a quickly decaying 

transient temperature spike is developed each time a certain surface 

element is passing the electron beam spot. Because of this the very 

high rotor speeds are required. Other precautions have to be taken 

to create, preserve and to continuously inspect the surface conditions 

necessary to achieve high X-ray emission intensities. For this pur-

pose the rotor house is provided with appropriate arrangements. On 

the external part at the perifery of the rotor, which is being exposed 

to the focussed electron beam, different anode materials can be de-

posited, in particular aluminium. 

Since Al抱 Eadiation is focussed at an angle of 78° in the first 

order of diffraction it is interesting to see what other X-ray lines 

of other materials could be used which have approximately the same 

Bragg angle at higher orders. Going from one anode material to another 

at multiples of 1486.65 ev, the energy of the Alぬ line, requires 

then only minor mechanical adjustments from the standard position. 

Doubling the X-ray energy results in a larger escape depth of the 

produced photoelectrons in the sample. The cross section for photo-

electron production in the sample is getting down, unfortunately, 

but of some particular interest is the fact that the number of planes 

involved in the diffraction in the quartz is increasing・Thishas as 

a consequence that the theoretically attainable resolution is increas-

1ng・Bymeans of the detailed dynamical theory of X-ray diffraction 

the rocking curves for quartz (010) (and other crystals) ca.n be calcu-
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Calculated rocking curves for several X-rays reflected against quartz 
(010) near 780 at ~ifferent orders. The width of the rocking curve 
narrows at 1ncreas1ng energy. 

lated for different wavelengths. Fig・19summarizes the results /15/. 

Possible anode materials having approximately the same Bragg angle 

(78°) in different orders are: AlKα （first order), AgLα （second order) , 

TiKα，s cKp (third order) and MnKα，CrKl3 (fourth order). According to 

Fig.19 the widths of the theoretical rocking curves are: 135 meV, 77 

meV, 25 meV and 27 mev, respectively. As pointed out above the photo-

-electron intensities are decreasing and, furthermore, since the 

"energies of the photoelectrons are increased the demands put on the 

resolving power of the electron spectrometer is correspondingly 

~ncreased. Full use of the theoretically attainable higher resolution 

at higher orders according to Fig.19 will be at the expense of a 

great reduction in intensity.日owfar one can really reach the theo-

retical limit remains to be seen. For the case of AlKαthe theoreti-

cal limit of 135 meV is almost reached by the actually obtained value 

of 0.21 eV according to Fig.20. 

..,, .. 

o.n.刊

Fig. 20 

Achieved monochromatization of the AlKαdoublet reflected near 780 
against a set of spherically bent thin quartz wafer crystals (010). 
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Instruments in electron spectroscopy can be constructed in a great 

variety of different ways, dependent on the modes of excitation, 

types of samples, research problems etc. On the market there are 

presently a number of designs available. They are usually tailor 

made for surface studies under ultrahigh vacuum conditions to be 

used on a routine basis. A typical trend today is to simultaneously 

make use of complementary multipurpose techniques for surface charac-

terization like LEED, SIMS, TDS etc. Handling of gases or liquids 

requires efficient differential pumping and special designs. Synchro-

tron radiation, when available, is particularly well suited for ex-

citation of photoelectron spectra and necessary when complete tun-

ability is required. Commercial instruments take advantage of devoted 

laboratory sources like soft X-ray anodes adopted to photoelectron 

spectroscopy, ultra-violet discharge lamps and monochromatized and 

focussed electron beams. Tunable laser sources will provide new 

・possibilities for investigations by means of multiphoton ionization 

and tunability in the valence region. 

High spectral resolution is important in all cases. In the soft x-

ray region the monochromatization can be achieved in its lower part 

by means of optical grating techniques as is done at synchrotron 

storage rings and in its higher part (.:>l keV) by means of crystal 

diffraction. A recent laboratory design in my laboratory for this 

purpose is shown in Fig.21. It consists of the previously mentioned 

water cooled swiftly rotating anode (Fig.18) with two electron guns, 

the X-radiation produced by one of them being directed into an X-ray 

monochromator. The purpose of the other one is to enable other X-ray 

experiments to be done. 

The spherically bent thin quartz crystals are mounted on a common 

zerodur block which can be moved in the horizontal direction around 

a vertical axis situated at the side of the block. Such a movement 

changes the Bragg angle and adjusts the crystal surfaces to stay on 

the Rowland circle (R=lOO cm) when the house of the rotating anode 

is correspondingly moved along a prescribed curve on the rotor table. 

The different anode materials are deposited as 3-6 mm wide strips 

aside of each other along the perifery of the rotor. The electron 
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gun can be tilted from outside to direct the electron beam towards 

the different anode materials. In accordance to the position of the 

electron beam spot on the anode the crystal block is simultaneously 

slightly tilted around a horizontal axis supported by a strong ball 

bearing・

By these arrangements the focussed and diffracted X-ray beam for 

different wavelengths will always hit the sample on the same spot in 

front of the electrostatic lens system. The movements can automati-

cally be performed by step motors. The construction admits the use 

of the five anode materials Al, Ag, Ti, Cr and Mn in different orders 

as discussed above. The use of further auxiliary anode materials 

like Y, Zr or Mo to produce ultrasoft Mr; X-radiation in the 130-190 

ev region can in principle be arranged within the same scheme. In 

that case a separate concave mirror or grating could be introduced 

in front of the crystal assembly. One should then make use of the 

presently quickly developing multilayer techniques which, at nearly 

normal reflexion, may enhance the intensity by some orders of magni-

tude due to a much increased reflectivity and also solid angle. This 

technique still waits for its full exploration. 

The monochromator house is provided with further arrangements for UV 

and laser light which can be directed onto the same spot on the sample 

as do the X-rays. Other external radiation sources, inclusively syn-

chrotron radiation, can also be handled in the monochromator house. 

The lens system is a five-component system provided with an exchange-

able auxiliary einzel-lens close to the lens entrance slit. In order 

to direct the beam accurately to a given small entrance slit at the 

analyzer an octopole electric deflector is mounted inside the long 

Fig. 21 
The rotating anode-monochromator (RAMON) arrangement and the lens 
system of the electron analyzer. The monochromator provides additional 
radiation sources for UV and laser excitation focussed at the same 
spot on the sample. There is a fine-focus electron gun for additional 
Auger electron excitation and microscopic scanning of the sample. 
Samples can be introduced either from two sample preparation systems 
from the back side or via a vacuum lock devise joining this part of 
the instrument with the other part of the total instrument. 
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central section of the lens system. The lens system is surrounded by 

two concentric u metal shields, as is the analyzer. 

This einzel-lens is not always required for ordinary spectroscopic 

work. It is provided with a collimating slit to achieve a magnified 

real electron optical image at the entrance slit to the analyzer. 

This is to achieve lateral resolution. Developments in order t。
realize high lateral resolution (<100 um) combined with good energy 

resolution are presently under way in several laboratorie.s. Arrange-

ments for this purpose can be made in many different ways. In the 

present case the magnification achieved by the einzel-lens may be 

about 10-20 times, dependent on the chosen geometry. If the X-ray 

spot on the sample surface is concentrated to be 0.2xl mm2, which is 

feasible with the present high intensity X-ray generator combined 

with the focussing monochromator, this small spot will emit photo-

electrons at a very high intensity. The conditions are therefore 

ideal for achieving high lateral resolution. To achieve this one can 

choose a suitable magnification by means of the magnifying electron 

optical lens system. The simplest case is shown by the arrangement 

in Fig.21. Additional lenses would give higher magnification at the 

expense of intensity. It is therefore of prime importance to start 

with a high brilliance at the sample spot to be investigated. A 

swiftly rotating anode as in Fig.18 is particularly well suited for 

this purpose. With 20 times magnification the electron image at the 

entrance slit of the analyzer would become 20 mm x 4 mm2. If the 

analyzer is accurately adjusted it will produce a real image in the 

focal plane of the same dimensions. There are several ways to proceed 

from here. For example, one can use a slit at the entrance of the 

analyzer which has a width of 0.1 mm. Then the analyzer will accept 

electrons only coming from a 5いmwide strip of the sample. With a 

perfectly chosen optical system with negligible aberration errors in 

regard to both lens system and analyzer a point to point image is 

produced in the focal plane of the analyzer which has simultaneously 

dispersed the energy spectrum from each point on the sample. By means 

of the electric octopole deflector the 1llum1nated sample surface 

can be scanned. In such a deflector the two ortogonal deflections 

are completely independent of each other /16/. If the s創nplehas a 
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large area the region corresponding to the X四 Eay spot is being selected 

by means of the sample manipulator. The position sensitive multi-

channel-plate detector is in thi s”photoelectron microscope”electro-

nically an integrated part of the total system. 

Obviously, the high lateral resolution mode of operation is realized 

only at a great expense of intensity. If this is not required, the 

lens system can be used under much more relaxed conditions, the main 

purposes being a high collection efficiency and good optical retar-

dation properties for achieving high intensity and high energy reso-

lution, respectively. 

A view of the total ESCA instrument with its accessories is shown in 

Fig・22.The spherical analyzer (R=30 cm) is provided with two separate 

lens and detector systems, one for electrons being bent in the hori-

zontal plane and the other in the vertical plane. Two separate experi-

mental sets up are then available and samples can be studied in anyone 

of them. There is a connection between the two through a valve. 

There are several different modes of excitations within the system 

and also complementary techniques, in particular for surface studies. 

Since differential pumping has been introduced in the sample houses 

the instrument is also equipped for studying gases and liquids as 

well as solids. 

In the sample chamber which analyzes the electrons in the vertical 

plane there are provisions for UV excitation by means of a set of 

one toroidal mirror and four toroidal gratings adjustable from out-

side which covers the energy range between 10-51 eV. ・rn the same 

chamber there is a two由 stagehigh resolution electron monochromator, 

variable between -1 eV - 6 keV for electron scattering in the 900 

direction, an Auger gun and an ion gun with a Wien selective filter. 

Provisions for electron flooding for electric neutralization of sur-

faces are included. Laser radiation can be introduced. 

Samples can be introduced into the chamber through different ways. 

One introduction port is connected to a preparation chamber which in 
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turn communicates with an MBE system. The other port is a fast sample 

inlet directly into the measuring position of the analyzer through a 

vacuum lock devise. This sample chamber is connected through a valve 

on top of the sample chamber to a further apartment, containing 

facilities for complementary surface techniques, like LEED etc. 

A long range manipulator carries the sample into different measuring 

positions and provides the means for angular studies and temperature 

regulation. A horizontal rod brings the sample into the second part 

of the instrument where the electrons are analyzed in the horizontal 

plane. 

The primary mode of excitation here is the monochromatic X-radiation 

and the other radiation facilities previously described in Fig.20. 

There is a further focussed scanning Auger gun situated close to the 

sample. The latter is transferred from the introduction rod to a 

manipulator in front of the lens slit. 

This sample house communicates with a chamber which branches into 

two directions backwards. One is a separate preparation chamber (with 

its own sample inlet devise) for the normally occurring sample pre-

parations like evaporation, sputtering, CVD etc, the other is a 

specially designed inlet system for liquids and solutions, which 

admits direct communication ”on line ”between the liquid sample in 

the spectrometer and chemical experiments to be performed in the 

laboratory. 

宏ig. 22 
A total view of the ESCA-LASER instrument. There are several separate 
preparation facilities”on line ”of the instrument. One is for ordi-
nary chemical and adsorption operations and the other is for the 
preparation and introduction of liquid samples. These facilities 
c<;>ncern the first part of the instrur問 ntas shown in the previous 
figure. 

The sample house for the second part of the instrument is shown in 
the figure in front of the analyzer with its various sources of exci-
tat1on. It communicates with an UHV preparation chamber connected to 
a molecular beam epitaxi (MBE) apparatus. This sample house is further-
more provided with.a fast inlet for samples of different kinds carry-
ing them directly into measuring position in front of the lens slit. 
There are altogether five different ways to introduce samples into ・ 
different parts of the instrument. 

- 31ー



The pump system consists of several turbo pumps arranged to achieve 

differential pumping in various parts of the instrument and a cryo-

pump with high pump capacity (1500 .2. /sec). For liquid studies of 

water solutions a special cool trap is justified. 

Fig.23 shows a vertical view of another and smaller apparatus which 

is mainly designed for studying gases (gas cells) and molecular beams 

(supersonic jets). Since it is constructed for UHV performance sur-

face studies can, however, also be performed. The cross section in 

Fig.23 shows an energy variable electron monochromator, in two sub-

sequent steps (to avoid space charge limitation). This is identical 

to the one in the bigger instrument. The electron beam is crossing 

the vertical molecular beam. The inelastic scattered electron beam 

is analyzed, after passing the lens system, by a spherical analyzer 

with a radius of curvature of 36 cm. 

Other radiation sources are situated around the sample house. There 

is polarized laser radiation (from two tunable lasers) pumped by an 

excimer laser crossing the molecular beam. The photoelectrons being 

produced by two-coulours resonance enhanced multi四 photonionization 

(REMPI) are directed into the same analyzer. 

One can either use the analyzer or a time-of-flight arrangement which 

is attached to the back side of the analyzer. This is primarily 

intended for mass analysis of ionic fragments and for this purpose 

it is provided with a mass reflector to achieve high mass resolution 

/17/. For electrons, the reflector electrodes are adjusted from out-

side to be symmetrically located around the electron beam and used 

for additional focussing・Theelectron detector is then located further 

away along the tube. 

Fig. 23 
Side view of the second and smaller instrument. In this section one 
notices the analyzer with its lens system and a two-stage electron 
monochromator on the other side. At the back side of the analyzer an 
ion reflector is mounted for TOF mass spectrometry. It can be used 
also for TQF electron spectroscopy without the reflector・Thelaser 
beam is diどectednormally to the plane of the figure, crossing the 
molecular beam coming from a.pulsed gas nozzle on top of the sample 
chamber. A UV polarizer is situated on the back side of the chamber 
along the direction of the laser beam. 
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Fig. 23 
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The electron detector in the focal plane of the analyzer is normally 

an extended 6 cm long multichannel plate detector. It can be replaced 

by a Mott scattering detector (with an accelerating voltage of 20kV) 

to record the polarization of the electrons /18/. The intensity is 

then reduced by a factor of 1000. This alternative is shown in the 

figure. 

Opposite to the laser beam entrance in the sample house there is a 

four-component UV polarizer which induces photoelectrons ・either in 

the molecular beam or in a gas cell. This polarizer can also be 

attached to the big instrument because of the adopted modular design 

concept. By rotating the polarizer around its axis the electric vector 

of the photons can be automatically turned around. 

There are four further directions available for excitation or spectral 

studies around the sample house, one being e.g・anAuger electron 

gun, another an ion gun. A third flange can be used for optical 

fluorescence spectroscopy and a fourth for high intensity UV exci-

tation close to the magic angle. 

The system is flexible enough to enable other types of experiments 

to be performed. For gas or molecular beam experiments the top of 

the sample house is used for a pulsed gas nozzle inlet or gas cell 

introduction. For surface studies this space is available for an 

additional chamber including LEED etc. plus a sample manipulator. 

The main pump which accepts the molecular beam is a 15001 cryopump. 

An alternative to the above described experimental arrangement is 

shown in Fig.24, this time as a horizontal section. Here the instru-

ment has been combined with a conveniently sized version of the pre-

viously described X-ray generator and monochromator or an external 

radiation source, such as synchrotron radiation. Again there are 

several alternative ports available for different sources of excitation 

and sample introduction. 

Fig. 24 
Top view of the instrument shown in Fig.23. This is an alternative 
moロnting,where the same analyzer as in the previous figure is turned 
90° to be in the horizontal plane. It can then be provided with a 
rotating anode and monochromator (RAMON). The UV polarizer is shown 
in this section. 
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Fig. 24 
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4. Surface and interface shifts 

In some cases the electron binding energy difference between the 

surface and bulk is sufficiently big so that, at high resolution, 

one obtains, for each level, two separate ;lines. Such shifts are not 

due to ordinary chemical shifts, e.g・dueto oxidation as in Fig.9, 

but to the fact that the uppermost surface atoms do not have any 

neighbour atoms at the vacuum side, whereas the bulk atoms have neigh-

bours on both sides. In the example given in Fig.25 /19／ ・thesur-

face-bulk shift for Yb metal is 0.55 ev. 

An application of this phenomenon can be found in the study of the 

diffusion of a surface layer into the bulk of a substrate. Fig・26
shows how this diffusion can be followed as a function of time in 

the case of a surface layer of gold being deposited on a bulk substrate 

of Zn, Cd and In /20/. The upper curves show the well-known gold 

doublet discussed before in Fig.6. After a while the intensities of 

fi 
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4 bulk 
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0.55eV 
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Fig. 25 
Core level shifts between surface and bulk of the 4f levels in 
ytterbium at 300 K excited at h" =40. 81 ev. 
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｛三1.5keV) which was discussed in the previous section and to make 

use of the sample”t ilting”method for depth composition scanning・

The experimental accuracy in the determination of electron peak 

positions have gradually improved to such an extent that the binding 

energies that can be -extracted from electron spectra often can be 

given with errors in the 0.1 eV range and even less for metals and 

much less (1 meV) for gases. It is then of importance to carefully 

consider problems related to the choice of reference levels to connect 

electron spectroscopic data with other data. Core electron binding 

energies for a metal are measured relative to the Fermi level. In 

order to relate this binding energy to that referred to the vacuum 

level of the free atoms one should add a metallic work function中．

One can also proceed by means of a thermochemical approach. One then 

assumes a complete screening of the positive hole left behind in the 

metal lattice at the photoelectron emission due to the good mobility 

of the conduction electrons. This is a generally accepted assumption 

in electron spectroscopy to treat the relaxation in metals. The 

'equivalent cor e’model 1s extensively used. It states that the core 

ionized atom is treated as an impurity atom with nuclear charge Z+l. 

With these assumptions a Born-Haber cycle can be performed in accord-

ance to a treatment by B. Johansson and N. Martensson /20-26/. One 

then connects the binding energy shift 企EC to macroscopically 

measurable quantities like the cohesive energies and solution energies 

in metals. 6 E内 is the shift between the metal core level referred t。
- M 

the Fermi leve~ EC,F and the corresponding free atom referred to the 

vacuum level EC accordi珂 to (see Fig・27): 

A M 
6E = E -E C C C,F (1) 

The Born-Haber cycle gives the relation 
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Here M denotes the metal, A the atom, C the core, F the Fermi level, 

z the atomic number and I the appropriate valence ionization energy 
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Fig. 27 
The Born-Haber cycle for a metal connecting the binding energy shift 
between a metal core level referred to the Fermi level and the corre-
sponding free atom referred to the vacuum level. 

(usua~l~ the first ionization energy). Ecoh is the cohesive energy 
1mo 

and Ez+l(Z) is the solution energy of the impurity atom (Z+l) in (Z) 

metal. The dominating contributions to the shifts are the difference 

in cohesive energy between the (Z+l) and Z metal and the ionization 

energy of the (Z+l) atom. 

The same treatment as for metallic bulk can also be applied to sur-

face core-level shifts. The surface atoms experience a different 

potential compared to the layers below because of the lower coordi-

nation number. This results in somewhat different core level binding 

energies. One can extend the previous Born-Haber cycle model t。
account for the surface-bulk core level shift. Empirically, the sur-

face cohesive energy is approximately 80も ofthe bulk value. The 

result is then: 
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( 3) 

This equation obviously relates the surface chemical shift and the 

heat of surface segregation of a (Z+l) substitutional impurity in 

the Z metal. 
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In a recent investigation performed by N. Martensson et al. /27/ a 

quantitative study of metal-metal adhesion and interface segregation 

energies by means of electron spectroscopy was made. They were able 

to study layer dependent core level shifts for Yb epitaxially grown 

on Mo(llO) for the first three layers. They used the surface sensitive 

100 eV radiation from the MAX synchrotron. Well resolved Yb 4f lines 

could be recorded simultaneously for the interface layer between 

Yb/Mo. for the nearest bulk Yb and for the free Yb surface according 

to Fiq.28. 

These measured shifts provide new quantitative information on the 

energetics of adhesion and interface segregation which would be very 

difficult to obtain by other means. When making similar assumptions 

as above concerning screening etc. one arrives to ・an expression for 

the shift between the interface and the surface which reflects the 

effect of a free Yb surface when a Mo surface is adhered to it. This 

shift is denoted the ”adhesion”shift 企EAdh The shift between the B • 
interface and the bulk is denoted similarly the ”川erface”＆ずt.

One finds that 

Adh Z*.M Z.M 
企E =e: -e: Adh ら Adh (4) 

i.e. the adhesion shift is the difference in adhesion enerqv/atom of 

Zand Z* to the substrate. The aoorooriate quantitative comoarison 

between exoeriment and theoretical treatment is oerformed in the 

above quoted oaoer. 

Usina Eα. C4¥ an adhesion enerav difference of 1.15 eV/Yb atom is 

obtained which should be comoared to the measured shift aずh=l・19
ev. 

The fact that at high resolution the various shifts between the sur田

face layer, the bulk and the interface laver can be observed s。
distinctlv as in F i。.28 is gratifying. Hooefullv, the techniαues mav 

be aoolicable over other areas of the Periodic Svstem even when the 

shifts are smaller. A necessary condition for this is that the required 

high spectral resolution can be achieved. 
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A further interesting illustration of this quality is a recent finding 

by A. Nilsson and N. Martensson /28/. A closer inspection of the 

line forms (and also positions) at high resolution (AlKα，6hv=0.2 

eV) of adsorbates reveals temperature dependent vibrational effects 

which can be correlated to the actual sites of the adsorbed molecules 

on the substrate surface. They observe extra line broadenings on the 

”wrong”sides of the core lines (i.e. on the high energy side) of 

oxygen and carbon, when CO is adsorbed on a clean N(lOO) surface. 

This phenomenon corresponds to hot bands in UV excited free molecules 

and is consequently temperature dependent. The magnitude of this 

broadening can be explained as due to strongly site dependent vib-

rational effects which are coupled to the final state energies of 

the adsorbate through vertical transitions at the ionization. Other 

possible effects for line broadenings have previously been discussed 

as results of soft electron-hole pairs emission within a 2甘＊－derived

resonance at the sudden perturbation of the core hole. The effects 

observed by Nilsson and Martensson seem to be of a different origin 

and if so could have interesting implications not only for detailed 

surface studies by means of photoelectron spectroscopy but also for 

other surface methods like NEXAFS and photon induced desorption. 

Recently, a new and faster alternative to the conventional all semi-

conductor npn transistor has been proposed. This substitutes a very 

thin layer of metal for the base of a standard transistor, thereby 

strongly reducing the transit time for electrons from collector to 

emitter. For such an optimized SMS transistor the theoretical cut-

off frequency could be as high as 30 GHz instead of 4 GHz for a GaAs 

transistor. This SMS transistor consists of a thin layer of cobalt 

disilicide sandwiched between two thicker layers of silicon, serving 

as emitter and collector enclosing the Cosi2 base. 

Another possible choice is to use a platinum silicide. Previously 

the metal-GaAs interface has been studied by electron spectroscopy 

/29-32/ with the localized core levels used to trace the band bending 

of the valence band at the interface. For a silicon-silicide interface, 

however, the problem presented is more difficult because the metal 

- 42 -



phase itself, which is the platinum silicide, contains silicon that 

has to be distinguished from the semiconductor silicon. A high reso-

lution is then necessary. 

In an investigation in our laboratory /33/ this problem was studied 

at a resolution of the monochromatized AlK，αl  ine (1487 eV) of ca 

0.23 eV. It was then possible to resolve the semiconductor Si2p312 

core line from the silicide Si2p lines of the Si-Pt silicide sample. 

In this way a direct determination of the Schottky barrie・r could be 

made. At this resolution the electron spectrum revealed that the 

silicide consisted of two chemically different forms, namely PtSi 

and PtSi2・Thespectra showed that on top of the silicide there was 

a layer of mixed silicon oxides, It was also found that this oxi-

dation took place more easily than for clean Si surfaces, indicating 

that the presence of metal atoms in the underlying silicide layer 

might have a certain catalytic promoting influence on the oxidation 

of silicon. 

The ESCA shifts can to a first approximation be interpreted as corre-

sponding to the potential shift connected with the rearrangement of 

the valence electron density. In this way one can by means of ESCA 

trace the potential distribution that causes the Schottky barrier 

for a particular metal-semiconductor interface and one can actually 

measure its value, which in this case was found to be 0.82土0.05eV. 

This fits neatly to what has been found by others for PtSi-Si junctions 

with other methods. 

The principle of the measurement of the Schottky barrier is illu-

strated by Fig.29. The barrier height中B is obtained by subtracting 

the distance between the.Fermi level and the silicon valence band 

from the band gap. From the figure, 
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(5) 

From an experimental point of view it is necessary that the silicide 

film is thin enough and that the excitation radiation is hard enough 

so that the Si bulk line is still observed. The energy resolution at 
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subscripts F’ band g are for Fermi, bulk and gap, respectively; 
superscript int is for interface. 

the required fairly high photon energies (in this case 1487 eV) is 

sufficiently high to resolve the Si bulk line from the other Si2p 

lines and to allow the observation of the sharp Fermi edge. 

As emphasized above in surface science not only the top layer but 

also the composition and the chemical bonds between atoms close to 

and below the top surface layer are of importance. When some element 

has a concentration profile within the electron escape depth, i.e. 

when there are surface layers of different composition with a thick国

ness less than the escape depth, the peak創nplitude of that element 

shows a dependence of the exit angle. The surface concentration pro-

file, in accordance with the previous example can then be investi-

gated. 

Another such a study which was of medical interest dealt with blood-

compatible surfaces /34,35/. The systems studied were colloidal 

heparin, or dextran sulphate stabilized with hexadecyl ammonium 
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chloride, deposited onto steel substrates, and chemically related 

substances. By using the mentioned angular dependence {tilting) 

techniques, it was found that the intensity ratio for the S2p peaks 

from disulfide and sulphate exhibit angular dependence for albumin-

covered heparin-glutar and dextran sulphate-glutar surfaces. This 

indica←e .. hat・ the disulfide groups are positioned closer to the 

external surface than the sulphate groups. 

In a series of experiments on a similar problem cationic polyethylen-

eimine was adsorbed on sulphated polyethylen surfaces at different 

pH, varying from 4.0 to 9.0. From the angular dependence of the 

amine:protonated amine peak ratio (see Fig.30) it was possible t。
conclude that there was an accumulation of charged amine groups toward己

the sulphate surface at high pH. The angular dependence of the inten-

sity ratio N/N+ {neutral amine:protonated amine) furthermore showed 

that adsorption at pH 4.0 gave a higher relative amount of charged 
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groups and that this amount was independent of the exit angle. 

Adsorption at pH 9.0 gave a relatively larger amount of neutral amine 
＋ groups and a N/N ratio that was dependent on the exit angle. 

A straightforward interpretation of these results is that the configu-

ration of PEI when adsorbed at pH 4 is essentially flat on the surface 

while adsorption at pH 9.0 gives a・layered・configurationwith the 
＋ charged groups (N) closer to the sulphated surface and the neutral 

groups further out according to the right part of Fig.30. The fact 

that the number of charged amino groups remains constant leads to 

the conclusion that the adsorption could be considered as an ion 

exchange reaction. The results also imply that polymer surfaces with 

different densities of sulphate groups would adsorb different amounts 

of PEI. So it would be possible to make polymer surfaces with differ-

ent densities of amine groups not only by adsorption at different pH 

but also by varying the sulphate group density. 

Core-level binding-energy shifts at surfaces and in solids have been 

reviewed by W.F. Egelhoff Jr. /36/. 

5. Studies of gases by monochromatic X-radiation 

Electron spectra of gaseous molecules are favourable to study at 

good resolution since the usually occurring additional solid state 

broadenings in bulk matter is absent. Furthermore, the energy cali-

bration procedure is simplified by the possibilities of mixing the 

sample gas with conveniently chosen standard calibration gases. Fig.31 

is an example of how this is performed /37/. It is an aromatic mole-

cule with a fluorine and an amino group attached to the benzene ring 

in para position, para-aminofluorobenzene. In order to study the 

chemical shifts in this compound CF4, N2 and co2 were mixed with the 

sample gas. In the spectrum one can determine the chemical shifts 

accurately. Even the different carbons in the benzene ring can be 

distinguished, namely those which are neighbours to the substituents. 

As an example of an electron spectrum of a gaseous phase and how it 

changes at condensation we take mercury /13/. If a droplet is intro-
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Fig. 31 
The core electron spectrum of gaseous para-aminofluorobenzene. CF4, 
N2 and CO2 have been used as calibration gases mixed with the gas 
sample under study. 
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duced into the electron spectrometer the vapour pressure at room 
-3 

temperature, ca 10 torr, is sufficient to produce a spectrum. This 

is shown in Fig.32. All levels in the Hg atom which can be reached 

by the AlKαE adiation are recorded. The line widths in the spectrum 

are the inherent atomic widths. 
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Fig. 34 
The effect of condensation on electron lines close to zero binding 
energies. Upper spectrum from Hg vapour, lower spectrum from solid 
Hg・
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Many of the lines are followed by more or less observable satellites. 

These are due to”shake四 up”phenomenaduring the photoelectron emission 

process /38/ or to inelastic sattering of electrons. A typical example 

is given in Fig.33 for two of the main lines in the mercury 

spectrum /13/. 

Close to zero binding energy one observes a group of lines denoted 

by OIV' OV' PI ・Fig.34 shows an enlargement of this group, in the 

gaseous phase (upper figure) and when the Hg vapour has b'een con-

densed on a”cold finger”. One observes a broadening of the lines in 

the condensed phase. This is due to the ”solid state broadening” 
caused by the mutual influence of the closely spaced atoms. A parti-

cularly dramatic effect is observed for the P1 (or 6呈） level which 

experiences a continuous spreading with a well defined edge on the 

high energy side. This is the Fermi edge of the conduction band of 

mercury which consequently is due to the seemingly unimportant atomic 

P1 line in the gas phase spectrum. 

6. Conduction and valence bands 

The previous example directs our attention to the valence region. 

This can be studied at different excitation energies. It is usually 

advisable to use fairly high excitation energy to avoid possible 

mixing with states close to the band edge. At sufficiently high exci-

tation energy the shape of the band electron spectrum starts to con-

verge. At low excitation energies the shapes reflect interesting 

phenomena which are indeed important. There exists a lot of information 

from such studies /39-42/ but we will not discuss these here. We 

will only give some typical examples of bands obtained at high exci-

tat ion energy, namely with AlK，αat 1487 eV (Ah¥)=0.2 eV. Fig.35 shows 

the conduction band of gold taken at high resolution and Fig.36 the 

corresponding band of silver. Both show characteristic structures 

which reasonably well can be reproduced by density of states calcu-

lations. 
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Pig. 37 
Cu2p3;2 and Pd3ds/2 and the conduction bands for the pure metals and 
for different compositions of these alloys. The Pd core lines are 
asymmetric due to excitation of electron田 holepairs in the conduction 
band. The Cu core lines are almost symmetric • . The conduction bands 
as well as the core lines are changing at alloying. 
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Electron spectroscopy has been applied also to alloys, semiconductors 

and insulators. Fig.37 is an example of the conduction bands of 

palladium and copper and their alloys at different compositions /13,43/. 

One observes the shifts of the core levels at alloying and also changes 

in level widths and line asymmetries. The conduction band gradually 

changes from one pure・ metal to the other. 

The valence spectrum of the different uranium oxides uo2, uo3, u3o8 

and uranium+ uo2 are shown in Fig.38. They are examples of semicon-

ductors and insulators and exhibit quite different spectra /44/. 

Empty bands can be studied by the techniques mainly developed by v. 
Dose. One then makes use of the reverse photoelectron effect, i.e. 

an impinging electron beam is varied in energy until photons of a 

certain energy is appearing in a detector. We refer here to recent 

accounts due to V. Dose /45/, N.V. Smith /39/ and F.J. Himpsel /46/. 

7. Excitation of qases with UV radiation 

It is particularly advantageous to use VUV radiation from rare gas 

discharge lamps which contain a large number of sharp and intense UV 

lines for excitation of electron spectra from the valence regions of 

molecules /47/. Fig.39 shows the valence electron spectrum of co2 

/42,43/. One can notice the vibrational structure of the molecular 

ion. In favourable cases even the rotational fine structures are 

visible. 

In order to observe such finer details one has to go to the very 

limit of resolution. This limit is set by several ind.ependent factors, 

both due to the lamp conditions and the sample gas itself. In the 

lamp the most important contributions are due to Doppler broadening, 

self-reversal and self-absorption. The lamp gas and the interior of 

the lamp has to be very clean. It is advantageous if a discharge can 

be maintained at very low gas pressures, for example by means of a 

magnetically confined microwave discharge tuned to the electron cyclo-

tron resonance condition. In the sample gas the main contributions 

come from the space charge caused by the produced ions and furthermore 
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3p doublet electron lines from Ar gas excited by NeI (hv = 16.8483 
and 16.6710 eV). To the right: Light source and spectrometer adjuste心
for max resolving power of 5.7 meV. 
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Fig. 43 
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corresponding scan spectrum in Fig.42. A challenge for future to 
resolve this structure further. 

radiation /37/. 
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Finally we show the influence of the energy of the exciting radiation 

on the appearance of the valence orbital spectrum /37/. Fig.44 is 

the complete valence spectrum of SF6 excited by AlKα （6h¥l = 0.2 eV) 

(upper spectrum). The middle spectrum shows the region 15-28 eV excited 

by HeII at 40.8 eV. The lower spectrum the region 15-21 eV excited 

by He! at 21.22 eV. One observes the large variations of the relative 

electron line intensities when the energy of the exciting radiation 

is varied. In particular the lt electron line experiences a large lg 
increase in intensity going from AlKαto Hell excitation and then a 

remarkable decrease in intensity going from HeII to Hel excitation. 

A general rule found in experimental studies of spectra excited by 

AlKαon。nehand and UV on the other is that the former (harder 

radiation) enhances s-like molecular orbitals, whereas the latter 

(softer) p-like orbitals. These wavelengths dependent intensity rules 

can be quantified and are applicable over quite extended energy regions. 

8. Vibrational fine structures in core electron and X-ray emission lines 

The importance of monochromatization of the exciting radiation and 

resolution in core electron spectroscopy is further exemplified in 

Figs.45 and 46. They show the Cls line in CH4 at modest and high 

(monochromatized radiation) resolution /15/, respectively. The 

slightly assymetric ls line in the first figure splits up at high 

resolution into three (actually a fourth line can also be seen) well 

resolved lines. This splitting is caused by the vibration produced 

when a core electron of the centrally located carbon atom is emitted. 

The new equilibrium corresponds to a shrinkage of about 0.05 A, and 

the Franck-Condon transitions which take place then give rise to the 

。bservedvibrational fine structure with intensities given by the 

Franck-Condon factors. 

The existence of vibrational fine structures as a result of electron 

emission from molecules initiated a series of experiments in our 

laboratory in 1971 to look for similar effects in ultrasoft X-ray 

emission /48/. For this purpose a specially designed grazing inci-

dence spectrometer with electron excitation in a differentially pumped 

gas cell was constructed. The first observation of this vibrational 
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free molecules was 

recort'.-show a photographic 

in X-ray emission spectra for 

nitrogen gas /49/. Fig.47 

a photometer diagram of this phenomenon. 
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Fig. 49 
Vibrational structure of the CK X-ray of co2・

9. Anqular distributions 

The angular distribution of photoelectrons from free molecules or 

from surfaces are of importance, since these data give information 

on the symmetry properties of valence orbitals and, in the case of 

surfaces, on the geometrical arrangements of adsorbed molect』leson 

the crystal substrates. 

Fig.SO shows the principle of such an experiment when linearly polar-

ized UV radiation, for example He I at 21. 21 eV, is used for the exci-

tation of the photoelectrons. Photoelectrons from an ro orbital can 

according to selection rules result in E官 orEσf inal orbitals. If 

the photons are directed along the axis of the co molecule, taken as 

an example, only the E甘 alternativeis possible. Turning the plane 

polarized electric vector of the photon beam around and recalling 

that the E宵 orbitalhas a maximum along the electric vector and a 

nodal plane perpendicular to this direction one should be able to 

record a zero amplitude in the photoelectron intensity when the elec-
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よパ 1v. 

Fig. 50 
Principle for using polarized photons to determine the geometry of 
adsorbed molecules on a single-crystal surface by the photoelectron 
intensity dependence. 

tric vector is perpendicular to the emission direction towards the 

slit of the electron spectrometer. From such an experiment one can 

conclude that the CO molecule is actually standing up perpendicularly 

to the surface in this case. 

Experiments of this kind have in general to be combined with exten-

sive calculations concerning continuum wave functions and defor-

mations of molecular shapes at surfaces (e.g・usingcluster calcu-

lations). Such calculations are known to be difficult to make (very 

extended basis sets are required) and presently contain great uncer-

tainties. It is likely that new experimental work done for a suff i目

ciently large number of test cases can shed new light on the validity 

of various such calculations and also eventually lead to semiempiri-

cal approaches in somewhat more complicated cases than the simple 

example discussed here. 

The angular distributions of photoelectrons emitted from主主主 mole-

cules can be studied either by varying the angle between the direction 

of the incoming photons and the emitted photoelectrons 2.王byusing 

plane polarized light in a fixed geometry and observing the intensity 

variations of the photoelectrons as a function of the angle between 

the electric vector of the photon beam and the electron emission 
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日

Fig. 51 
Ultraviolet monochromator with several toroidal gratings covering 
the energy range 10 eV<hV <51 eV. Alternatively, the UV radiation -is 
polarized by four succeeding mirrors one of which being a toroidal 
mirror for focussing, one a plane grating and the other two plane 
mirrors. The polarizer is automatically turned around its axis, there-
by stepwise changing the direction of the electric vector・

direction. This latter scheme is much to be preferred from all points 

of view provided that a photon polarizer of sufficient intensity and 

beam quality can be realized /35/. 

Fig.51 shows the most recent design (combined with a UV lamp excited 

by microwaves) from my laboratory which follows up our previous experi-

ence. The new design was briefly mentioned in connection with Fig.24. 

It consists of four optical elements in the following sequence: one 

plane mirror, one further plane mirror, one plane grating, one toroid a・

mirror・Thisdevice can be automatically rotated around its axis in 

a programmed fashion by a step motor. The focussing in the toroidal 

mirror compensates for the reflection losses, and also makes it 

possible to use a large distance between the light source, polarizer 

and sample without sacrificing intensity. It is important to minimize 

the contamination of the reflecting elements, which otherwise makes 

the polarization to decrease with time. By means of a set of gratings, 
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e parameter spectrum corresponding to the state X "Ila 
1n CO2 around a Speak at 13.97 eV. The enhanced S ., 
value 1s due to an interaction with the state 
瓦2IIu・

For CO2, thee parameter was measuared for some 40 vibrational states, 

several of which had not been observed earlier as ordinary photoelec-

tron lines. The SPS corresponding to the state X 2rr9 is shown in 

Fig.53 /53/. The prominent e peak at 13.97 ev was found to corre-

spond to the excitation of a single quantum of the antisymmetric 

stretching mode. In the ordinary spectrum, this line is barely visible 

as a shoulder on a much more intense peak but can be observed here 

because of its different e value. This excitation is normally for-

bidden in photoelectron spectra, but it can attain measurable inten-

sity through interaction with the state A 2rr. The large difference 
u -

in a-value between this line and the allowed lines in the x-state is 

characteristic for peaks that get an enhanced intensity through inter-

action with another state. Thee-value in such cases tends to come 

closer to that of the perturbing state than to the state to which it 

belongs. 

＋ 
The X 2rr9 state in the cs2 was investigated by means of a number of 

photon lines between the H Lyα （10. 20 eV) and He I Iα （40. 8 eV). Besides 

the more often used lines from Nel (16.84 eV), He Iαand Ne II ( 26. 91 

eV) a number of lines from discharges in Ar, Kr and Xe were used in 
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the energy region 10.5-13.5 eV. Very rapid oscillations in the 8 

value for the adiabatic transition were observed for kinetic energies 

of the photoelectron <4 eV. At the same time the intensity of the 

vibrational excitation varied. Both these phenomena have to be 

explained by assuming that the ionization occurs at certain photon 

energies via autoion孟Zing states. In inelastic scattering events 

(for example in cs2) one can distinguish between longlived inter-

mediate scattering states, which result in a change from non-zero 8 

to zero 8 and shortlived intermediate scattering states keeping a 

non-zero 8 after scattering /54/. 

The energy dependence of 8 close to the threshold for photoionization 

shows considerable fluctuations. This was studied in some detail for 

Ar, Kr and Xe. For Kr a deep dip in 8 for Kr 4p312 occurred at a 

photoelectron energy of 581 meV. The 8 PS could be followed down to a 

photoelectron energy of 15 meV. Such fluctuations can be ascribed to 

resonances with series of autoionizing states. 

When Xe is excited by means of UV radiation from a discharge in N2 

one can study the 8 parameter spectrum close to the ionization thres-

hold, in particular in the region between the thresholds for ion-

ization of the p312 and p112 states. There is a sufficiently large 

number of closely spaced UV lines from N2 in the discharge available 

for ionization of Xe at all photon energies of interest. As can be 

seen in Fig.54 the photoelectron spectrum taken parallel to and per-

pendicular to the electric vector of the N2 photon beam both reflect 

the complicated structure of the exciting photon spectr凶ncoming 

from N2 in the discharge source，’scanned ’by the p level of Xe in 

the photoelectron spectrometer. However, from the旦註,2of the inten-

si ties at each photoelectron energy the 8 parameter spectrum of Xe 

can be derived, as shown in the upper part of the figure. This 8PS 

contains an interesting sequence of minima, consisting of a converg-

ing series of resonances. This can be understood in terms of a series 

of autoionizing states in Xe, which converges towards the p112 ion-

ization limit. The figure also shows that the 8 parameter can be 

measured down to a few meV above the ionization threshold. 
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Fig. 54 
e parameter spectrum of Xe in the region between the threshold for 
i?nization of the P3/2 and Pl/2 states with the use of N2 in the 
light source. 

In conclusion one may expect an expanding area of research related 

to the angular dependence of photoelectrons as a function of energy 

both close to threshold and at higher energies by means of polarized 

UV light either from UV lamps or tunable synchrotron radiation. 

Polarized tunable and laser light and the possibilities of using a 

Mott detector for the measurements of the emitted photoelectrons 

spin directions contribute to the interesting developmer、ts in this 

field /56,57/. 
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10. ESCA diffraction 

The angular distributions of photoelectrons from core levels by using 

photons in the X-ray region (e.g・AlKαorsynchrotron radiation) are 

manifested in the ESCA diffraction patterns .• These studies can be 

made either by recording the angular distributions at a fix X-ray 

energy (e・9・AlKα） or at a fixed angle and varying the wavelength of 

the radiation. This latter procedure requires access to the variable 

synchrotron radiation. Fig・55shows an early example of an ESCA 

diffraction pattern from a NaCl single crystal /58/. In this experi-

ment, we noted that core and valence levels in a selected element 

of a crystal could be studied separately and the corresponding 

diffraction pattern be recorded. This was also demonstrated for the 

Auger electron diffraction. 

＠頓

＠・1・0

ESCA DIFFRACTION 
NaCl single crystal 

鴨

Cl 2p事
含

玄~ ..伺

ciociociociocioci "' 

” 

句l.lw /,i「

。喝ふc:.ot剛制帽・ -~ 
・O•。．。・O•。• e・0
O•。・0・0・O •。

Fig. 55 
ESCA diffraction for a NaCl single crystal: (a) Cl2p3;2, Ekin=l055 
eV; (b) NaKLL ( 1・D2),Ekin=990 eV. 
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A number of such studies are now available from several laboratories 

in which both the polar and the azimuthal angles have been carefully 

scanned. It has also been found that it is feasible to apply the 

method to (epitaxially) adsorbed surface species, in which case one 

gets structural and geometrical information of the adsorbed species 

related to the substrate lattice /59,60/. 

A dominating contribution to the observed patterns is caused by 

interference through scattering along principal crystal axes. When 

applied to adsorbed species, e.g・coon a Ni(OOl) surface, this con-

structive interference occurs along the array of atoms. If there are 

many atoms in the row the first atomic scattering can enhance and 

focus the intensity but subsequent atoms in the row may deenhance 

the intensity. The diffraction pattern then saturates when the adsorbed 

layer is about 3 ML /61,62,63,64/. 

Since the photoelectron or the Auger electron line is specific for 

each element and even for its chemical bonding it is obvious that 

one is dealing with a new convenient surface diffraction method. 

Another advantage is that for the energies concerned, say around 500 

ev, it turns out that sunple single scattering cluster (SSC) theory 

is sufficient (even for lower energies). The theoretical treatment 

is similar to the extended X-ray absorption fine structure (EXAFS). 

Improvements of this simple model have been made based on spherical 

wave scattering・

In order to make full use of the experimental situation one should 
0 arrange for a good angular resolution (<2) /65/. Under these circum-

stances it seems possible to reach structural information with a 

resolution of perhaps ±0.1 A. Using SSC calculations with plane wave 

(PW) scattering one can conclude, as an example, that in the case of 

CO on a Ni surface as discussed before the CO molecules are tilted 

less than 12° from the surface normal. Further improvements in experi-

ments and corrections for multiple scattering may result in better 

geometrical accuracy. 
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If Cu is grown epitaxially in successive layers on Ni(OOl) the 

diffraction pattern for the CuLMM line is observed /61/, according 

to Fig.56 which also contains the SSC-PW calculations for comparison. 

The results for the Cu3p line are similar /66/. 

The ESCA diffraction will be much more used as a surface structure 

tool when the experimental conditions are improved in the future. As 

an indication of such improvements Fig.57 demonstrates the sharpening 

of the diffraction patt.ern for Ni2p312 when the angular definition 

is increased from士3° to土1,5。inthe case of Ni(OOl) /65/. 

伊 184・空色t,・ 45・ 614" 716・ 90' 
(100］向（201] (101］剛［103J 州 e-

Fig. 56 
Experimental Cu 2p3d3d Auger line polar diffraction scan compared to 
SSC-PW calculations for successive layers of epitaxial growth of Cu 
on Ni (001). Similar results are obtained for Cu3p. 
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New applications have recently been found in the study of spin-polarized 

photoelectron diffraction /67/. In this case core level multiplet 

splitting was used to produce internal spin-polarized sources of 

photoelectrons which subsequently can scatter from arrays of ordered 

magnetic moments 1n magnetic materials. According to findings by 

C.S. Fadley et al. such spin polarized photoelectron diffraction 

provides a new tool for probing short-range magnetic order. 

Surface structurally informative results have been obtained using 

synchrotron radiation, in which case the patterns are recorded in 

the normal direction of the crystal varying the wavelength of the 

synchrotron radiation. The procedures are described in papers from 

SSRL (D.A. Shirley et al.) /68,69/ and BESSY ( D.P. Woodruff, A.M. 

Bradshaw et al.) /70,71/. As a recent example a study of the structure 

of the formate (C02H) species on copper surfaces can be quoted /70/. 
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sur-(llO) and adsorbed on Cu(lOO) 

1n Fig.59. 
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scattering plane wave calculations from a Cu atom 2.0 A behind the 
emitter. The OCO bond angle is evaluated to be 1340. 
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11. Studies of liquids and ionic solutions 

Above I have given a few examples of some current electron spectro-

scopic studies of free molecules (gases), solids (bulk) and surfaces. 

The latter state is characterized by so many special features that 

it deserves the notation as a state of aggregation of its own. The 

third type of condensed state of aggregation is the liquid state. 

The application of ESCA on liquids started in my laboratory in 1971. 

We made an arrangement for a continuous flow of a thin ”l iquid beam" 

in front of the slit in the spectrometer. The liquid beam, subject 

to differential pumping, was irradiated by X-rays and the resulting 

spectrum was recorded. Our first study concerned liquid formamide, 

日OCNH2・Wewere able to record both the core spectrum and the valence 

spectrum /72,73/. It has been possible to master the experimental 

problems to record liquid spectra of sufficiently good quality to 

enable more reliable conclusions to be drawn. Core line spectra of 

at least as good quality as previously obtained for solids can now 

be produced for a great number of different solvents in which chemi-

cals are dissolved. The scope is very wide and most of the applications 

essentially remain to be done /74/. 

The experimental problem is to keep the liquid surface fresh all the 

time in vacuum and to eliminate the influence of the vapour phase. 

This is accomplished by renewing the liquid in front of the electron 

spectrometer slit continuously either by a translational or a rota-

tional movement. In the first case one can form the above mentioned 

liquid beam in the vacuum in front of and along the slit of the 

spectrometer・Sucha liquid beam or a wetted wire is then continuously 

subject to X-radiation. The vapour phase is differentially pumped in 

the same way as gaseous samples are handled. 

In this way the expelled photo-or Auger electrons from the liquid 

can pass the gas phase spending only a short distance before they 

reach the slit and the analyzer・Theliquid surface can also be renewed 

by the continuous rotation of the liquid exposing the renewed surface 

layer to the X-ray flux. Again, the expelled photo-and Auger electrons 
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Fig・61shows a core-and Auger electron spectrum of a solution of 
＋ー．＋

Na'I (SM) in glycol /76/. The shifts of the Na lines with respect 

to the gas phase (solvation shifts) were obtained from separate photo-

electron spectroscopical atomic gas phase data combined with calcu-

lated atom由 ionshifts. (using scf techniques). 

Fig・62 shows the liquid ESCA spectrum of SrBr2(1M) /77/. The Br -gas 

value was likewise obtained from a molecular photoelectron spectro-

scopical value coupled with a calculated molecule-atom shift and an 

atom-ion shift. 
Na' gas 

t2.4eY 

Na(ls} 

一一一J I＇－ー
1090 1080 1070 
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1.75eY 
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19tcY一一

, Na Auger（‘D,} 

司、.， I」♂～…ー｛｛司，，.＿／J'---
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binding cnergy/eY 

Fig. 61 . 

－－ 
Core and Auger electron spectrum of a solution of Na・I (SM) in glycol. 

(CH,OH), 

.52cY 

4.SeY 

～_j l ＜~：＿＿1ごL 立：）｜ど｝
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binding cncrgy/cV 

Fig. 62 
Liquid spectrum of SrBr2 in glycol (lM). 
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Fig.63 is the ESCA spectrum of HgC12(0.2 M) in c2H50H /77/. Observe 

again the ESCA chemical shift between the two carbon atoms in 

ethyl group. 
the 
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Fig. 63 
in ethanol spectrum of HgC12(0.2M) Liquid 
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or relaxation energy. The molecules of a solvent can react twofold 

against a dissolved ion: either by a very fast electronic polarization 

or by a relatively slower reorientation of their electric dipoles. 

The reorganization energy which is being measured in the fast ESCA 
-15 process is the electronic part of the order of 10 sec, whereas the 

dipolar reorientation takes much longer time to be included in the 

ESCA process. Therefore, the two contributions to the chemically 

measurable solvation energy can be separated into independent parts. 

Recent systematic studies by ESCA shows that at low valence states 

of the ion the two contributions are about equal, whereas at higher 

valence states the electronic polarization contribution is becoming 

the more important part. 

The experimental ESCA studies of liquids can be complemented by model 

calculations of the solvation shifts of core levels. It is reasonable 

to assume that solvation binding energies and Auger energy shifts of 

ion energy levels are to be described by a model that combines the 

long-range continuum-like behaviour of the solvent with a short-

range molecular interaction between the ion and first solvation shell 

of molecules. 

In・particular, to study the latter part and also to investigate the 

importance of the long-range interaction，主主担主主2calculations 
＋ 

have been made on Na solvated clusters surrounded by an increasing 

number of molecule /78/. For a proper comparison with experimental 

data in solution it is desirable to perform calculations up to and 

including a fully solvated cluster with six solvent molecules. This 

is practically possible only for water ligands and carefully chosen 

basis sets. Calculations for other solvent molecules (such as metha由

nol) must then be made for a more limited number of molecules and 

results extrapolated to full clusters. The main results of the cal-

culations show that the experimental cluster solvation energies for 

Na+(H20) are reproduced with good accuracy by using a basis set of 

moderate size including polarization functions of p-type on ligand 

molecules. The calculated binding and Auger energy solvation shifts 

for the cluster are smaller by at least 20亀 comparedwith experi-

mental values obtained in solution. The discrepancy is substantially 
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The valence region is within reach also by means of the He radiation. 

There have been problems here for liquids for some time with respect 

to line shapes and signal:background ratio, which so far have compli-

cated the applicability of this approach. These experimental problems 

now seem to have been removed. In a new attempt using He! radiation 

on formamide (which previously /72,73/ was the first spectrum which 

f 臥，t l 

』But－~－Butl 1・ in HCONH2 
I But I 
．，事olutt'

C1s 倒神nt

"""7所拐f
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Fig. 66 
C(ls) spectra for two different take-off angles (6=55° and 
6=100) for the system (But4N)+1-in HCONH2(0.2M). The fu工l-drawn
curves represent in bot!) spectra the profile expected for the bulk 
concentration relation between the two components (peak area 1:3). 
The spectra show a very pronounced surface segregation of the solute 
within the sampling depth of the photoelectrons. 
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from the spectra in Fig・66.The profile is based on the assumption 
of an exponential decrease of the solute concentrations with increas-
ing depth in the solution. The data give a mean segregation depth of 
15 A and a ratio between surface and bulk solute concentration of 
3: 1. 

was recorded with X-ray excitation by means of the above mentioned 

liquid beam technique) Keller et al. /80/ have shown that in addition 

to X巴 Eadiation also UV radiation can produce valence electron spectra 

of quite good quality (see Fig.65). They furthermore used a beam of 

thermal metastable He atoms from the same He discharge lamp to excite 

electron spectra (MIES) at the uppermost surface of the liquid, shown 

at the bottom of the figure. The upper spectrum was a previously 

obtained spectrum by means of HeI radiation. From a comparison between 

their two differently excited spectra Keller et al. draw additional 

conclusions about the position of the formamide compound in the sur-

face. 

An interesting further pathway would now be to try using polarized 

XUV radiation and perhaps laser radiation for excitation. Auger 

electron spectra excited by an electron beam also remain to be done 

and so do electron scattering experiments. 

The technique of a variable take-off angle for the emitted electrons 

which was discussed before (e・9・Figs.9 and 10) can be applied to 
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liquids in order to scan the ionic concentrations as a function of 

the distance from the surface. This was done in an experiment on the 
＋－  

system on (ButN)4I desolved in HCONH2 (0.5 M) /81/. Fig.66 shows 

the Cls lines for the solvent and solute at two different take-off 

angles, 10° and 55°. The full-drawn curves represent the expected 

line profiles for the bulk concentration relation between the two 

components (peak area 1:3). As one can see the spectra instead show 

pronounced surface segregation. The results can be put on a quanti-

tative basis by making some reasonable approximate assumptions anti-

cipating an exponential decrease of the solute concentration with 

increasing depth in the solution. The result is shown in Fig.67. One 

notices the strong change of concentrations over a depth of some 15 

A, being the mean segregation depth in this case. 

12. New extensions of electron spectroscopγby means of laser excitation 

More recently the modes of excitation by means of X and UV photons 

have been complemented by the use of laser radiation. There are two 

ways to proceed here: The！＿江主主 one is to use various non-linear 

optical media to achieve frequency doubling or higher harmonics of 

the laser radiation in order to reach wavelengths far down into the 

VUV region. These possibilities are getting gradually more promising 

because of improvements in laser technology. There are now available 

much more efficient crystals for frequency doubling than before, 

e.g. the BBO crystal. Furthermore, some gases have turned out to be 

quite efficient for frequency tripling e.g・Hg,Xe, Kr, Ar and Ne 

(see Fig.68) /82/. Although the pathway towards higher frequencies 

can proceed only at a great loss of intensity the starting point 

with a pulsed laser is so good that the final result after frequency 

multiplication (tripling or even more) still yields tunable laser 

intensities decent for excitation of photoelectron spectra in the 

wavelength region around 1000 A and even far below. This technique 

has already been used in some preliminary studies. The number of 

extremely monochromatic and tunable photons can be in the region of 
10 10 per pulse. This alternative obviously opens up interesting new 
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Fig. 69 
Scheme for a tunable laser source for photoionization measurements 
空s叩ga mercury cell for resonant frequency mixing accordi珂 tou. 
Heinzman et al. 
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Fig. 70 

s‘0・
660 nm 

Scheme for frequency tripling by means of a pulsed rare gas jet and 
d1fferential pumping according too. Zare et al. 

A second arrangement due to R. Zare et al. is shown in Fig.70 /84/. 

In this case the the frequency四 doubleddye l亀serbeam is traversing 

the non linear optical rare gas medium in the form of a jet beam 

(produced by a pulsed nozzle). In this way windows can be avoided 
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since a strong differential pumping on this pulsed nozzle chamber 

can be arranged. 

One may anticipate that arrangements of these types will be further 

developed. Already, wavelength regions around 50 nm have provisionally 

been reached. The photon intensities are quite good in the upper 

part of this VUV wavelength region even for photoelectron spectro-

scopy but decreases rapidly towards the lower part of the region. 

Still, the prospects are good to eventually achieving sufficient 

photon intensities to enable the work with tunable laser photon beams 

in photoelectron spectroscopy far down in the XUV region as powerful 

alternatives to the presently available discharge lamps and synchro-

tron radiation sources. 

The三塁££旦£ way to proceed is to use multiphoton ionization {MPI) or, 

preferably, resonance enhanced multiphoton 1on1zat1on (REMPI). These 

processes are now sufficiently well understood to be applicable in 

electron spectroscopy. Although the field is new and far from being 

rnaturized there exist already a few comprehensive survey articles 

based on recent developments by e.g・K. Kimura /85/ and R. Compton 

and J. Miller /86/. The experiments are performed by means of pulsed 

lasers in the optical region. The laser power usually needed is in 
6 10 , 2 the region of 10 -10 watts/cmゐ

The best way to proceed is to use two tunable lasers pumped by an 

excimer or YAG laser. The first laser is tuned to hit a resonance in 

the molecule (in a supersonic jet beam). The power is adjusted so 

that few if any events lead to further photon absorption from this 

laser pulse which would result in photoionization and dissociation 

in a fairly complicated pattern. The second laser is tuned to ionize 

the excited molecule in one step. The resulting electron spectrum 

(around a few eV in extension) is recorded either in a time of flight 

(TOF) fashion or by means of an ordinary electron spectrometer. Pro-

visions can be made to record also the molecular ion mass spectrum. 

An early study of the resonance enhanced multiphoton ionization of 

chlorobenzene was made by R. Zare et al. /87/. In his paper one finds 
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references to some early works by other groups, e.g・Comptonand 

Miller, Meek, Jones and Reilly; Kimman, Kruit and van der Wieland 

Achiba, Sato, Shobatake and Kimura etc. Fig.71 shows the ion current 

as a function of laser wavelength for chlorobenzene as obtained by 

R. Zare. The procedure is to select one of the resonances and then 

to record the corresponding photoelectron spectrum. There are several 

advantages to use this highly controllable method of excitation to 

get the correct vibrational assignments, which are often difficult 

to make, using orqinary UV photoelectron spectroscopy. Fig・72 shows 

some of the recorded photoelectron spectra for chlorobenzene obtaine乙

by TOF techniques at different laser wavelengths when the laser was 

tuned to fulfil the conditions for REMPI. For comparison Fig・73 show!:" 

the complete HeI excited valence orbital electron spectrum of chloro・

benzene /88/. The band near the binding energy 9 eV is shown in more 

detail in Fig.74. The different orbital vibrational modes with their 

assignments and vibrational energies can be extracted from these 

data and be compared to the REMPI results. 

., 
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Fig. 75 
Ion current as a function of wavelength for Fe(C0)5 
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a) 
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Fig. 76 
Some selected REMPI electron spectra for Fe(C0)5 corresponding to 
resonances in Fig.75. 

Another case studied by Kimura and Achiba et al. /89/ is shown in 

Fig・75and Fig・76 and concerns Fe(C0)5・Fig・75 shows the ion current 

produced by the laser as a function of wavelength. One can then select 

any of the peaks and take the associated photoelectron spectrum. 

Some of these are shown in Fig.76. 

In order to collect a substantial fraction ，四soも， of the produced 

photoelectrons in REMPI a magnetic bottle reflector has been devised 

/90/. A recent study concerning (2+1) REMPI photoelectron spectroscopy 

on Rydberg states of molecular bromine is an illustration of this 

method /91/. 
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Fig. 77 
Two-colour laser induced zero kinetic energy (ZKE) photoelectron 
spectra in the (NO+) X + NO A photoionization process. The rotation正

lines are fully resolved. 

A particularly interesting possibility is offered when the second 

laser is tuned to produce zero kinetic energy electrons. After a 

small time delay (a few ii sec) the still remaining zero energy elec-

trons are swept out from the production volume by an electric puls, 

into the electron spectrometer. The collection efficiency can approac:, 
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10 0も／92/.In this case the time-of-flight alternative is suitable. 

For high resolution it is important to produce only a few electron-

ion pairs per pulse, otherwise the Coulomb forces will broaden the 

linewidths. Wi'hout this and other precautions the attainable reso-

lution will be equal or worse than for ordinary XUV photoelectron 

spectroscopy (>10 meV). The ideal laser arrangement is a high repe-

tition rate and short pulses三lnsec, even psec. In favourable cases 

the electron linewidths in such ionization studies can approach those 

set by the laser linewidths. The attainable resolution under optimum 

conditions using zero energy (threshold) photoelectrons can in fact 

be so much increased that the rotational sublevels of the intermediate 

resonance level can be studied in detail. This has been achieved by 

K. Mi.iller-Dethlefs et al. who report a resolution of -1 cm-l （～0.1 

meV) in the case of NO /92/ and benzene /93/. Fig・77shows a NO 

spectrum where rotational components have been completely resolved 

/94/. 

A new and very promising development of the above techniques has 

recently been introduced by E.W. Schlag et al. which is a combined 

resonance enhanced multiphoton dissociation spectroscopy (RE-MPDS) 

and multiphoton ionization /95/. This technique has been applied to 

the benzene cation /96/. 

Laser-photoelectron spectroscopy can be arranged in several different 

ways. As an example one variant is to study mass-selected negative 

cluster ions using the tunable laser for photodetact】ment.This has 

been done for negative cluster ions of silicon and germanium in the 

3-12-atom range by R.E. Smalley and coworkers /97/ with interesting 

results. 

J. V. Coe et al. /98/ have studied the photoelectron spectra of neg a-

tive cluster ions NO-(H20)n by laser induced photodetachment (n=l,2) 

with 2.54 eV photons. The spectra resemble that of free NO-but are 

shifted to successively lower electron kinetic energies. 

Since intermediate levels can be reached in REMPI by two or several 

photon absorptions such levels can be excited and observed by the 
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Fig. 78 
Two-step arrangement for high resolution TOF mass spectroscopy using 
an ion reflector. Molecular desorption takes place in the first step 
by an IR laser. The desorbed complete molecules are cooled in the 
jet beam. They are ionized by the pulsed tunable laser in a ’soft ’ 
fashion, i.e. at low power. This mode produces pure molecular ions. 
Gradually the laser intensity is increased to achieve’har d’ioni?.at jぐ。n,
producing fragmented molecular ions in a controlled fashion. 
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A powerfu l”sof t”i onization laser technique using an ion reflector 

for energy focussing to record mass spectra even of biomolecules at 

high resolution (R=lOOOO) and under controlled ionization condition三

has been developed by E.W. Schlag and coworkers /100/ (see Fig.78). 

Fig.79 shows a recent example of such spectra. This is a state 

selective technique with extreme sensitivity in the femtogram class. 

For surface desorption studies /101/ for example it is an ideal too: 

which no doubt will be widely used in the next future. This scheme 

has been adopted in the instrument shown in Fig.23. 
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Fig. 79 
Comparison of mass spectra of L-tyrosine by different method of ion由

ization. a) Electron beam induced mass spectrum. The pure molecular 
ion peak at m=l81 is quite weak. b）’S oft’ laser induced mass spec tr l:・・ 

according to the scheme in Fig.78. The pure molecular ion is the 
only one being formed. c）’Partially hard’ laser ionization at入＝272
nm producing characteristic ion fragments in a controlled fashion. 
d) Chemical ionization (CI) using methane, corrected for the methane 
background. 

Mo Yang and J. Reilly /102/ have proposed a scheme for very high r e打＇＇-

lution mooo apcctroocopy o[ dcoorbc<l moleculco, c・9・aniline. They 

compare the different conditions when the laser beam is striking the 

surface directly or is being internally reflected against the surface, 
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Fig. 80 
UV laser induced surface ionization {anilin) with prisma internal 
reflexion using TOF mass spectroscopy. a) shows the result when the 
laser beam is reflected against the surface and b) when it is inter-
・,nally reflected. In the latter case very high mass resolution can be 
achieved by a TOF arrangement with reflector. 

according to Fig.SO. In the first case the desorbed species are ionized 

in the gaseous phase after desorption, in the second case directly 

at the welldefined surface. The first mass spectrum gets more compli-

cated than the second one. In particular, the second alternative 

provides a very precisely defined geometry for starting the time of 

flight measurement. Using the reflector method and picosecond 

techniques they suggest that it might be possible to achieve higher 
5 resolution than before, 10 or perhaps even higher. 

It is interesting to consider the combination of laser excitation 

and various simultaneous excitation by other means. Such studies 

have been performed on sodium atoms under the simultaneous excitation 

by laser and synchrotron radiation /103-105/. 

The experimental arrangement previously shown in Fig・23and 24, is 

designed for the purpose of exciting from various directions a mole-

cular beam {or a surface) by two-coulour polarized laser radiation 
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in addition with excitations of Auger electron spectra by means of a 

focussed electron gun, polarized VUV photons of different wavelengths 

from the previously mentioned VUV polarizer・Furthermore, highly 

monochromatic electrons with variable energy from 1 eV up to 5 keV 

are produced by the electron monochromator with the electron beam 

directed to the slit of the electrostatic lens system with the sub-

sequent high resolution electron energy analyzer provided with a 

multidetector system or a Mott detector for the determination of the 

electron spin polarization. This electron analyzer is in common for 

all the different modes of excitation. 

Apart from the separate modes of excitation the arrangement might 

enable combinations of the different excitation sources. For example, 

energy loss spectra by means of the electron monochromator and the 

following electron spectrometer can, in principle, be combined with 

laser excitation or Auger electron spectra studied under simultaneous 

laser excitation etc. Intensity problems will be encountered due to 

the reduced detection efficiency inherent in such double modes of 

excitations. Still, such experiments are particularly interesting to 

consider for the future. 

玉、inally, a recent experiment will be briefly discussed here where 

picosecond double excitation techniques have been applied to study 

shortlived interface states in the band gap between the valence and 

the conduction bands in a time resolved fashion due to R. Haight et 

al. /106/. The laser system provides tunable picosecond pulses by 

means of a NdYAG laser and an excimer laser according to Fig・81.
After passing a KDP crystal the laser pulses are frequency doubled 

and one”probe”s ignal is further frequency multiplied by passing a 

tube filled with one of the noble gases shown in Fig・68.Another 

laser pulse passes a variable time delay and is reflected colinearly 

with the probe pulse into the UHV sample chamber. The two picosecond 

pulses so produced are impinging on a GaAs crystal. 

According to Fig・82the first pulse is used as an optical pump to 

populate the shortlived interface states by electrons from the valence 

band. Before these states decay, i.e. within the picosecond region, 
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UHV ANALYSIS 
CHAMBER 

550-720nm 
(2.2-1.72・V)
陀 RPHOTON/ 

Fig. 81 

532nm 

< I picosecond 

Layout for a tunable picosecond laser system, yielding one’pump' 
signal in the optical region and one’probe’s ignal, after frequency 
tripling in a rare gas non linear medium. This signal is tunable up 
to an energy of 13 eV. This system offers the opportunities to study 
time resolved photoelectron spectra from laser excited interfaces 
and surfaces. System due to R. Haight et al. 

they are ionized into the vacuum by the ”probe”XUV pulses with 

energies up to 13 eV. This results in an electron spectrum which is 

recorded in a TOF arrangement which is capable of recording also the 

angula・r distribution. This and similar schemes are of considerable 

interest for the future to explore the region of shortlived interfac,.-

states by means of tunable two申 photonionization. 

The two-photon excited electron emission from semiconductors has 

been reviewed by J.M. Moison /107/. 
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E vacuum 

VALENCE BAND. 

r I 

Fig. 82 
Photoelectron spectroscopy of two-colour picosecond laser excited 
and ionized interface states (see Fig.Bl). The short arrow correspon c~ 六
to optical transitions by the pump pulse. The longer arrows show the 
photoelectron transitions induced by the XUV probe. 

13. Electron scattering spectroscopy 

Electrons of a few keV energy as a primary source of excitation are 

mostly used to produce Auger electron spectra from surfaces. The 

scattered electron background is a dominating feature. Because of 

the very high intensity of electrons available from an electron gun 

the Auger line structures can be visualized thanks to the good statis-

tics simply by differentiating the electron energy distribution once 

or twice. One advantage by using an electron beam for excitation is 

the fact that it can easily be focussed onto a small spot on the 

specimen and therefore it gives a very good lateral resolution. There 

are certain limitations encountered with this technique due to the 

radiation damage caused by the electron beam. For materials like 

metals etc. this circumstance is of minor importance, but for organic; 

and other materials the situation is different. Gases again・are not 
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201 203 205 207 209 

kinetic cnergy/cV 

Fig. 83 
Argon L2,3M2,3M2,3 Auger electron spectrum, excited by electrons at 
two different excess energies (2750 eV for top spectrum and 30 eV 
for bottom) above threshold. The shifts and asymmetries of the lines 
are caused by the ’post-collision’i nteraction (PCI) effect. 

0 0.5 1.0 1.5 20 

relative energy 

Fig. 84 
Comparison between the experimentally obtained and a calculated line 
shape according to an assumed dynamics of the PCI effect on a time 
scale of femto-sec. 

- 98-



subject to this limitation and Auger and autoionization spectra from 

gaseous samples are therefore convenient to study /5/. In these cases 

the signal:background is quite good and no differentiation is necessary. 

Fig.83 shows a highly resolved Auger electron spectrum for ArLMM 

transitions /108,109/. At sufficiently high resolution and with ex-

citing energy just above the threshold for Auger electron emission 

one can notice typically asymmetric line profiles {Fig.84). This is 

due to・post-collisional’effects during the electron emission. The 

phenomenon is now well understood in terms of an interaction between 

the two slow remaining electrons after the excitation of the shell 

in question. Under the above conditions this results in an expelled 

low energy electron from that shell. The primary electron loses most 

of its energy and the ejected fast Auger electron leaves the mole-

cular ion which is screened by the two mentioned remaining slow 

electrons. Depending on the details of the dynamics one can calculate 

the time behaviour of the screening and this gives rise to the asymme-

tric line shape /110,111/. Conversely, the above study of the Auger 

electron line shape gives information about the dynamics on a time 
-15 scale of -10 sec. 

Chemical shift investigations of electron excited Auger electron 

spectra for free molecules are fairly scarce compared to those for 

solid materials. As was mentioned before a combination of such shift 

data from both the photoelectron and the Auger spectra provides the 

information to determine the relaxation energies. As an example /112/ 

Fig.85a shows the KLL Auger electron spectrum of so2 and Fig・85bthe 
2 

chemical shifts for the S KL213 Auger lines and the S 2p112,312 

photoelectron lines for a gas mixture of SF6’so2 and COS. The Auger 

lines were excited by electrons, the photo lines by monochromatic 

AlKαE adiation. Such spectra can be evaluated with high accuracy at 

good experimental conditions, by the use of efficient differential 

pumping, molecular gas beams or low pressure gas cells /113,114/. 

Electron energy loss spectroscopy has developed into a very useful 

technique to record excited states of species irradiated by an elec-

tron monochromator. A recent comprehensive review of the applications 
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Fig. 85a 
Sulphur KLL Auger electron spectrum of so2, excited by an electron 
beam (5 kV, 5いA)• 
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Fig. 85b 
Auger electron lines, SKLnLIII cic2) obtained from a gas mixture of 
SF6, S02 and COS (top figure). For comparison the S2p photoelectron 
spectrum (Al抱， AhV=0.2eV) is shown in the bottom figure. The chemi-
cal shifts are in this case larger for the photoelectron lines than 
for the Auger electron lines. In other cases it may be the opposite. 
Relaxation energies are extractable from such studies. 
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in surface science is given by G. Ertl and J. KUppers /115/. Low 

electron energy loss spectroscopy gives direct information on e・9・
vibrational modes of surfaces and of adsorbates on substrates, in 

particular developed by H.Ibach and coworkers /116/. High resolution 

can be achieved by monochromatization to around 5-10 meV (HREES). 

HREES is a frequently used alternative to IR or Raman spectroscopy 

for surfaces. It is interesting to note that more recently it has 

become possible to overcome the previous limitation in this techniqu, 

to study surfaces of insulators, e・9・thickpolymers or oxides. P.A. 

Thiry et al. /117/ found that if such a surface was simultaneously 

irradiated with unfocussed 向 lkeV electrons the charging problem was 

elliminated and the electron loss spectra at specular reflection and 

at a primary electron beam energy around 6 eV approached the previoui・ 

resolution for conductors. Fig・86 shows the loss spectrum for MgO(OOl 

and Fig.87 for polyethylene. A comparison with the corresponding 

results from IR and Raman spectroscopy showed that not all the bands 

visible in HREES were excited in the optical mのdesdue to selection 

rules. Otherwise the agreement was good. 

ENERGY (meV) 
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Fig. 86 
Electron energy由 loss spectrum (HREES) of 6.1 eV electrons after re-
flectior:i <;>n a MgO(OOl) surface (insulator). The charging problem has 
been el1m1nated by means of an auxiliary unfocussed electron flood 
gun at 2.8 keV and 1 μA. 
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Extended absorption fine structures in X-ray absorption spectroscopy, 

EXAFS, has been a useful technique for geometrical structure infor-

mation for several years thanks to the availability of tunable synchr.・-

tron beams. More recently, the possibilities to make use of electron 

beams for sim止larpurposes as a complement to X-rays have been invest: ・ 

gated in the electron reflexion mode. 

Fig.91 is an overview of the various parts which can be distinguishe<' 

in a scattered electron spectrum from a surface with the primary 

electron energy E . Close to the elastically scattered electrons p 
forming the Ep peak one finds the mentioned EELS spectrum, containi nり

e.g・vibrational information etc. Next structure, EELFS, is the regic・ 

of core electron excitation and ionization with its fine structure 

which is the equivalent to the X-ray absorption edge and its near 

and extended fine structures, XANES and EXAFS (there are also other 

alternative acronyms for those structures). 

Loss energy 。
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ρL’
ar、

，・・
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、。、
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。
Kinetic energy 

Fig. 91 
Energy distribution of electrons scattered from a sample with primary 
electrons EP 

A more recent interest is concerned with the fine structures in the 

neighbourhood of Auger lines, denoted by J. Derrien et al. /125,126/ 

by EXFAS, (extended fine structure of the Auger spectral lines). 

Also from this structure one can extract geometrical information 

similar to EXAFS and EELFS. Figs.92 and 93 exemplify these findings. 

Fig.92 shows the Cr Auger spectrum containing the LVV, LMM and MVV 

(V are valence levels) Auger transitions. The lower part of the figure 

is a magnified part of the MVV Auger spectrum in which one observes 

several extended Auger fine structure components (EXFAS). 
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their appropriate evaluations in terms of near neighbour distances 

are discussed by G. Ertl and J. Kiippers in their above mentioned 

book on low energy electrons and surface chemistry /115/. 

The ”appearance potential ”techniques (APS) is complementary to the 

just mentioned ones to get geometrical distances. One can either 

record the changes in soft X-ray emission SXAPS or the changes 

(disappearance) of the elastically reflected electrons (DAPS). 

Another possibility is to record the appearance of Auger electrons 

(AEAPS). Extended fine structures have been observed in SXAPS but 

due to the low fluorescence yield of X-rays AEAPS and DAPS are some-

what more efficient. 

Electron scattering spectroscopy is an interesting and powerful alter-

native which supplements other approaches which are presently being 

・made by means of synchrotron radiation, e.g・XANESand EXAFS etc. It 

also offers great potentialities for surface studies, complementary 

to optical methods. 
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