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The methods of quantitative measureraents of photoemission intensities

on solids are outlined far experiments using monochromatiEed

Synchrotron radiation äs a tunable Light source. Results are

explicitely calculated for the photoemission set-up at the FLtPPER

monochromator which covers the energy ränge between 20 eV and 500 eV.

A procedure is given to determine the transtoission of an electron

analyzer in the retarding mode.

to be published in: Proceedings of the International Conference on
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Nucl . Lnstr. S Methods in Physics Research.

The photoemission intensity of a subshell excited in a solid is de-

termined by both the excitation probability and the probability for

the photoelectron to leave the solid without being scattered inelasti-

cally, Thus the measurement of partial cross-aections of atoros in the

solid state and of the mean free path of the photoelectrona are closely

related, both of them being of fundamental value. To excract these quanti-

ties from measureraents of photoemission intensities the excitation and

escape probabilities have to be calculated. For this purpose the 3-step-

model of Berglund and Spicer is a very practical approximation to the

photoemission process in the solid. Fadley has listed up a number of

additional assumptions which s impl i fy calculations for idealized Systems2.

Experimentally, the detection probability of the photoelectrons by the

electrun analyzer has to be determined. Palmberg studied a commercial

double pass cylindrical mirror analyzer (CHA) which is commonly used

for angular integrated measurements . However, the theoretically ex-

pected transmission of a CMA in the retarding mode (i.e. at constant re-

solution) could not be verified in the experiment3. Still it was

used äs an approximation in many partial subahell cross-section mea-

surements which were performed on non-transition metals4 and transition

metals with the particularly interesting manifestiations of intershell

interactions . The escape probability was considered only in a very

recent study of the 4f cross-section of Au by Johansson et al6. Al-

ternatively, Hecht and Lindau determined the cross-sections of Ba and

operating the CMA in the normal mode (i.e. without retarding voltage)

where the transmission varies äs the resulution of the CMA . However



for many purposes it is essential to independently r.hoose ehe reso-

lution of a CMA which is only poss ib le in the retarding mnde.

It is the purpose of this paper to present a new practical method to

determine the transmission of a CMA in the retard mode äs a f imction

of the ratio betwecn kinetic and pass ener^y. Furthermore, s ta r t ing

frorn the 3-step-mndel and common assumptiuns for an idealized solid

surfar.e, we derive an expression for the escape prohabi l i ty of the

photoelectrons. This allows an evalnation of the photoelectron mean

free path and partial subshell cross-ser.tion from photoemissior. in-

tensities if the core level binding energies are shifted at the sur-

face ("surface shift"). In this case, bulk and surface photoemission

can be distinguished energetically and the mean f ree path may he ex-

tracted from the bulk-to surface intensity ratio, s in re only the bu lk

emission i s inf luenced by inelast i r. scattering.

The photoemission intensity of a subshell äs measured must be correc-

ted for the photon f lux of Lhe tnonochromator ;ind the transmission of

the analyzer. At the FLIl'PER monochromator Lhe photon f lux is ohtained

O

by a photodiode that can be uioved into the beara bchind the exit slit

(see Fig. 1) . D i f f c r e n t frora gas phase measuremeTiLs the source volume

from whicli a CMA accepts electrons 1s not the. same for each measure-

ment, but depends on the sample adjtistment. I L is given by the inter-

section between the source vcilume, the sample surface and the light

spot. In addition, the CMA acceptance area on the surface varies äs a

function of the r;itio between E. . and E , theoretically the area

-l 3
is predit ' ted to he proport ional to (E . /E ) . In the eypcriment

E is Luned. Eowever, to determine the CMA transmission, we fo l low
k in

the in tens i ty Variat ion at f ixed E, ._, tuning E^^ for the same geometrical
Jkin " pass

conditions. ßecause photon cner^y and kinetic energy are f ixed thc

intensi ty Variation is now only a funct ion of the. analyzcr transmis-

sion. Dividing this measured intensi ty by E ar.cuunLs f n r the Vari-

at ion due to the. c hange in the CMA resolution. The corrected intensi-

tv oloLted verKus E . /E gives the CMA transmission (Fig. 2). A
• K km pass

cliange in E . bv a fac tor of 3 Icaves the result unchanged w i t h i n
& km '

5 2 except for values of E below 5 eV where residual f i e l d s in

the CMA are expected to disturb the electrons' t ra jector ies . Above

this value, however, the rcsult shows that the analyser transmission

is in fac t a funct ion only of the ratio between k i n e t i c and pass ener-

gy. Large deviat ions from the predicted bühaviour proportional to

tp /F. ) occur when the CMA accepLance area and the l i g h t spot
^ km pass

n n l y pa r t ly overlap for small values of E^/E asg. The arrow in Fig. 2

marks Lhe minimum ratio where the CMA acceptance area is completely

inside the light spot. This is determined by the Image of an aperture.

inside the CMA which is projected onto the sample by the re tarding

grids .

We now turn to the calculation of photoemission intensit ies. The number

of photoelectrons per time interval whii-h leave the solid sample withont

being scattered inelastically is determinde by:

{-ftuJ.E.fl} dx dfi p e s (E ,x ,n) P d e (E , f i ) AE ( ] )



Here N ,, denotes the numher of photons impinging on the surface per
' Ph

time interval, p ehe excitation probability per depth eLement dx

and solid angle element dft, p the excape probability, and p , the

detection probability per energy resolution interval AK. Further, the

kinetic energy is siraply written äs E, and x Stands for the distance

from the surface which is assumed to he atomically flat.

The detection probability can be split into the analyzer transmission

t (E/E ) which is independent of i't. and the angular acceptance g (Q) .
v pasK

This is justified if the dimensions of the effect ive probing area are

small compared to its distance from the CMA. Making also use of the pro-

portionality between the CMA resolution and the pasa energy we write:

P, <E,fl) = g(ß) • t (E /E ) CQ Epass pass (2)

where C is a constant.o

Since in the energy region of interest the absorption length ie nmch larger

than the photoelectron attenuation Length, the number of photons reaching

the depth x can be approximated by the number of photons impinging on the

surface. Therefore, photon flux, analyzer transmission and pass energy can

be used to correct the measured photoemission intensity:

N (fuo.E)

p (fcü.E.ß) p (E.x.f i ) g(fi) dx''ex res
(3)
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For the variables that determine fi it is essential to define whether

they are measured inside or outside the sample. Both sets of variables

can be transformed into each other using the conditions for the surface

refraction, If we choose the surface normal of the sample äs the polar

axis we can express Si in polar coordinates, and the transformation between

the angles inside ( i f > ' , 0 ' ) and outside the sample ($, 6) is given by

, , _ , sin 9'
<D = ü : —

v ' sin 6

with V being the inner potential of the sample. Since in eqn. (3) the

functions p and p are determined inside the sample it is convenient

to write the integral in terms of 6 " and $ ' :

corr ' J J pt .(x.B1) 8 (6 ' dx (3a)

where we have used the same functional symbols inside and outside.

For simplicity we have also omitted the energy variables.

The excitation probability is linked to the essentially atomic quantities

of the photoionization cross-section o and the asyranetry parameter S:

The angle < 5 ' is measured between the electric vector of the radiation and

the direction of the outgoing photoelectron, D denotes the atomic density

and P is the Legendre polynom, The excape probability contains the

characteristics of the solid namely the mean free path 1 and the topology

of the surface wbich for siroplicity is again assumed to be flat:
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(5).

SurEace refraction limits thc ränge of ö ' for uhich the e lec t runs can

penetrate through the surface. This e f f e c C is automati cally accuuntc-d

for i f we now transform eqn. (3a) to the angles measured outside the

sample. Neglect ing an aiigular asymmetry of the photuel ectrons we carry

out the "i-integration over the angular acceptancc function

2lT

/ g(0,*) d£ - 2n f (8 ) ,
o

and arrive at the following expression for the photoemission intcnsitv

f ( C ) sine dx du

The total phoLoemission intensity of a subshell nl is not Lhe only

Information accessible to experimencs. Angle resolved measurements and

raeasureraents of only the surface emission intensity yield a complete data

set to dctermine all parameters that inf luence photoemission intcnsities.

The relation betwetn these sample properties and the measurable intcn-

sities is sketched in Fig. 3. From the ]eft to the right, each experiment

depicted in Fig. 3 requires the information of the. forroer. In an angle

resolved measurement of the bulk-to-surface intensi ty ratio taken at

different polar angles 6 with respect to the surface normal, the mean

free path stays constant for constant excitation encrgy. Thus such an

experiment may be suitcd to determine the surface topology. When the escape

probabllity is matched to this result , rocasurements at varying excitation

energi.es yicld the mean frec pa th . These measurcraents are much casicr

carried out using an angle integrating analyser wi th the advantage uf

much higher count rates. Likewise tiie asymmetry parameter and the par t ia l

subshell cross-si^ction may be extracted from total phutoemission inten-

sities in. angle resolved and angle intügrated measureiaenLK.

Angle resolved measurcmcnts of bulk-to-surface intensity ratios require

an extretnely high phoLun f lux at high resolution so that these experimcnts

appear not to be feasible at. present . Only one experiment of this type

9
was reported for evaporated Au by use of an X-ray source , The data show

9
cvidence for surface roughness su that in principle uns type of measure-

ments may be exploi ted to study surface roughnesses on a microscupic scale.

A detailed analysis of these e f fecLs on angle integrated roeasurenie.nts of

the bulk-to-surfat:e in tens i ty ratio showed that the influence is lower thaii

the experimental error . This justifies the assumption of an atomically

f lat surface for these typcs of experiments.

The bulk-to-surface intensity ratio is then calculated using equat ion (5)

only for the bulk emission and omitt-in^ the inelastic attenuation for the

surface emissian. If the excitat ion probability is independent of x and 6

it may be taken out of the integral . These ;issumptions are jus t i f i ed since

the ab Sorption l eng t h i s rauch larger thaii the pliotoelect ron attenuation

length and if the influence of the a tumic asymmetry paramcter P may be

ncglected, e.g. because the CMA axis and the electric vector of the radiation

include the "magic angle" of 54°W . Now thc angular acceptance of the CMA

is needed. For the FLIPPER experiment the geometry of the sample and the

CMA is shown in Fig. 4. The Synchrotron radiation is polarized in the x-y

plane against which the CMA axis is tilted by 45°. In this ease, an extreme



Variation of 3 changes the total intensity hy -&7. and +16%. Surface

refraction lowers this intensity Variation even further so that it may

well be neglected. The angular acceptance f (6 ) calculated for different

sample adjustments is plotted versus the polar angle 6 in Fig. 5.

According to Fig. 3 the bulk-to-surface intensity ratio is calculated by

integrating the escape probabilities, multiplied with the analyzer angul;

acceptance, over x and £1:

p / / g(ß) d£J dx
s o i!

11/2
/ f ( S ) sinöVcos 6+ —_y exp(-

p_ a

=; ) d6

ff i.
f ( ö ) sinö

Here, a denotes the thickness of a surface layer. Fig, 6 ehows the inten-

sity ratlos versus the mean free path with e äs a parameter, The angular

acceptance f(6) used here corresponds to the geometry of the FLIPPER

experiment with a sample adjustment of a = 30 (see Fig. 4).

As an ejcample for the experimental deterroination of the mean free path

from bulk-to-surface intensity ratlos Fig. 7 shows our measurements on

evaporated Au together with the corresponding fits for the bulk and surface

Emission. Our fitting procedure is described in Ref . 11. From experiments

on well defined single crystal surfaces we know the position and relative

intensities of the surface shifted core levels for the low index surface

orientations'2. Our spectra of the evaporated Au film can be fitted using

- 9 -

both a (111)- and ( l10)-surface component which show the same surface

12stuft , and a (100)-surface compoment which can be distinguished from

12the öthers . The (100)-contribution may only be varied between 20% and

50% to obtain reasonable f i t s to our data. Assuming a 33% contribution

for each low index surface we are left with the bulk-to-surface intensity

ratio äs the. only adjustable parameter since the lineshape parameters

are known from bulk sensitive XPS measureroents (see Ref. 9), and

the atomic density at the surface can be taken from the experiment on the

single crystals reported in Ref. 12. By use of Fig. 6 the mean free path

is easily deterrained, the result is shown in Fig. 8 (aA = 2.2 S ),

We estimate the error of this method of a mean free path determination to

be 30% which makes it superior to other methods in this energy ränge.

The excitation probability of core levels is dominated by atomic properties,

Even the asymmetry parameter ß maintaina its importance in the solid äs

!3angle resolved measurements revealed . Here again we focus on angle inte-

grated measurements neglecting the angular asymmetry for the reason given

above. According to eqn. (6) the total intensity of a subshell nl can be

written äs;

nl — ̂  /cos2e + J^ f ( 6 ) sinf

This defines the correction function K which is shown in Fig, 9 (for

the geometry of the FLIPPER experiment). The product of A-K contains

all solid state corrections to the total photoemission intensity.

For Au we have interpolated the mean free path t, using our data and

14
those of Kanter for lower energies (see Fig. 8). The resulting pro-

duct Ä * K for Au is shown in Fig. 10.
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Our result indicates that the total photoemission in tensi ty is strongly

influenced by solid state corrections in Ehe energy ränge belcw the

rainimum of the mean free path, less affected, however, above the

minimnm of the mean free path. This is due to the moderate Variation of

both the emission cone caused by surface refract ion {compare Fig . 9)

and the mean f ree path (compare Fig. 8) in this energy ränge. This

allows partial cross-section determinations w i L h o u t detailed knowledge

o£ the mean f r ee path. The Situation is i l lustrated by the analysis

of the mean f ree paths in the rare earth raetals EU and Gd and the 4f

cross-section of Gd. The surface shift of these materials has been

described pre.viously together with a less detailed analysis of the

mean free. path . The measurements on these mater ia ls have beeil con-

tinued with even enhanced resolution . The resulting raean free path

evaluated with help of Fig. 6 is displayed in the upper part of Fig.

11. Since no data on single crystals are available we assume that

the density of atoros in the surface layer is equal to that of a hulk

layer of the same Lhickness. The mean free path of both mater ia l s

can be f i t ted by a single curve, for s imp l i c i t y we appruximaLe it by

a straight Ivne. The lower part of Fig. l l shows the 4f intensity

bnth with and without the solid state correction J . -K. This curve con-

Cains the dramatic 4d-4f resonance around l 50 eV photon energy

We want to stress that the lineshape of this resonanr.e even over a

wider energy ränge is nearly unaffected by the solid state correction.

However, if cross-section measureraents cover the energy ränge below

the minimum of the mean f ree path the solid s taLe ^orrections to the

photoeinission intensity are of c.rucial importance . In th is context

we note that in a previous s tudy of the 4f cross-section of solid Au,

Johansson et al were l e f t w i th a discrepancy of an order of magnitude

between the resul ts determined by the direct 4f-photoemission in tens i ty

and the results determined by the NOO (4f 5d 5d)-Auger i n L e n s i t y near

threshold. Pur energies higher than 100 eV above threshold, both re-

sults raatched. The discrepancy was attributed to the effect of higher

order l ight from the monochroraator . Based on our resul ts we can easily

add further explanations of this discrepancy: the transmission of the CHA

deviates f rom the theoretically predicted behaviour in the low energy

region (see Fig. l ) ; the mean free path used by Johansson et al is based

on less exact deterroinations and shows a wrong energy dependence below

100 eV kinetic energy. This stresses the impnrtance or both the det_er-

mination of an ana lyzer ' s transmission funct ion and of the combined

theory f ü r the calculation of bulk-tci-surface intensity ratios and

tota l photoemission intensities.
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Figure Captions

Fig. l Revolving photodiode that can be rooved into the photon beam

behind the exit slit of the monochromator. Two cathodes may be

used alternatively.

Fig. 2 Transmission function of a CMA experimentally determined for one

particular sample adjustment at two different kinetic energies.

The theoretically predicted behaviour is shown by the so l id line,

Fig. 3 Cimneütion between sample properties and measurable photoemission

i n t e n s i t i e s . The symbols are explained in the text.

Fig. 4 Gollect ion geometry of the CMA at the FLIPPER experiment. The

analysier axis is in the y-z plane tilted by 45 against ttie z-axis.

The sample surface normal n is in the z-x plane tilted by the

angle a against the z-axis. As shown the sample is excited in

s-polarization. P-polarization is reached by turning the surface

normal n into the x-y plane. This leaves the collection geometry

unchanged.

Fig. 5 Analyzer acceptance für the eollection geometry of Figure 4,

calculaLed f ü r d i f f e r e n t angles a.

Fig. 6 Bulk-to-surface pho(.Demission intensity ratios versus the otean

free pat l i calculated for different values of E using the angular

acceptance for a = 30 .

Fig. 7 Energy distribution curves for the 4f , photoelectrons from

evaporaLed Au (overall resolution O . l e V ) and corresponding f i t s for

hulk and surface emis.s ion äs described in Ref . I I . Tlie decomposed

bulk and surface contributions are shown für Lhe l70eV-spectrum.

Fig. 8 Mean free path for e.vaporat^d Au determined f rom Lhe bulk-to-

surface intensity ratios with help of Fig. 6. The values below

I I eV are taken f rom Kef . 14, the theoretical curve from Ref. 15,

Fig. 9 Correction function K for the total photoemission intensity (see text).

Fig. 10 Solid state correction t -K for the total photoemission intensity

of evaporated Au (see Lext) ,

Fig. 11 Mean free path for evaporated EU and Gd (upper panel) and

4f cross-section of Gd,
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