DEUTSCHES ELEKTRONEN-SYNCHROTRON DESY
s

DETERMINATION OF PARTIAL SUBSHELL CROSS-SECTIONS AND ELECTRON MEAN FREE

PATH IN SOLIDS WITH THE PHOTOEMISSION SET-UP AT THE FLIPPER MONOCHROMATOR

by

.

J. Barth, F. Gerken and C. Kunz

B &

II. Imetitut filr Exp,-Phyaik, Universiidt Hamburg

and HASYLAB at Deuteches F Lektronen-Synehrotron DESY, Hamburg

; el S i ':,'v’
Progady v} : library
Zy ) - B ETA 1097
RN O Tl 389
MLGES NS, -
Leihfrist: = Toge
Loan pericd; days >

ISSN 0723-7979

NOTKESTRASSE 85 - 2 HAMBURG 52



den Fall der Schutzrechtserteilung und fir die wirtschaftliche

DESY behalt sich alle Rechte fir
ht enthaltenen Informationen vor.

Verwertung der in diesem Beric

DESY reserves all rights for commercial use of information included in this report, especially in
case of filing application for or grant of patents.

To be sure that your preprints are promptly included in the
HIGH ENERGY PHYSICS INDEX ,
send them to the following address ( if possible by air mail ) :

DESY
Bibliothek
Notkestrasse 85

2 Hamburg 52
Germany




DESY SR-82-22 ISSN 0723-7979
December 1982

DETERMINATION OF PARTIAL SUBSHELL CROSS-SECTIONS AND ELECTRON MEAN FREE

PATH IN SOLIDS WITH THE PHOTOEMISSION SET-UP AT THE FLIPPER MONOCHROMATOR
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II. Institut f, Exp.-Physik, Universitdt Hamburg, 2000 Hamburg 52
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The methods of quantitative measurements of photoemission intensities
on solids are outlined for experiments using monochromatized
synchrotron radiation as a tunable light source. Results are
explicitely calculated for the photoemission set-up at the FLIPPER
monochromator which covers the energy range between 20 eV and 500 eV.
A procedure is given to determine the transmission of an electron

analyzer in the retarding mode.

to be published in: Proceedings of the International Conference on
X-Ray and VUV Synchrotron Radiation Instrumentation, Hamburg, August 1982,
Nucl. Instr. & Methods in Physics Research. -
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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-sections of atoms in the
solid state and of the mean free path of the photoelectrons are closely
related, both of them being of fundamental value. To extract these quanti-
ties from measurements of photoemission intensities the excitation and
escape probabilities have to be calculated. For this purpose the 3~step-
model of Berglund and Spicer1 is a very practical approximation to the
photcemission process in the solid. Fadley has listed up a number of

- . : . . . . . 2
additional assumptions which simplify calculations for idealized systems”.

Experimentally, the detection probability of the photoelectrons by the
electron analyzer has to be determined. Palmberg studied a commercial
double pass cylindrical mirror analyzer (CMA) which is commonly used
for angular integrated measurements3. 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 experimentB. Still it was

used as an approximation in many partial subshell cross-section mea-
surements which were performed on nmon-transition metals4 and transition
metals with the particularly interesting manifestiations of intershell
interactionss. The escape probabilitywas considered only in a very
recent study of the 4f cross—section of Au by Johansson et 316. Al-
ternatively, Hecht and Lindau determined the cross—sections of Ba and
operating the CMA in the normal mode (i.e. without retarding voltage),

o s s : 7
where the transmissionvaries as the resulution of the CMA'. However,
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for many purposes it is essential to independently choose the reso-

lution of a CMA which is only possible in the retarding mode,

It is the purpose of this paper to present a new practical method to
determine the transmission of a CMA in the rctard mode as a function
of the ratio between kinetic and pass emergy. Furthermore, starting
from the J-step-model and common assumptions for an idealized solid
surface, we derive an expression for the escape probability of the
photoelectrons. This allows an evaluation of the photvelectron mean
free path and partial subshell cross-section from photoemission 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 free path may be ex-
tracted from the bulk-to surface intensity ratic, since only the bulk

emission is influenced by inelastic scattering.

The photoemission intensity of a subshell as measured must be corrcc-—
ted for the photon flux of the monochromator and the transmission of
the analyzer. At the FLIPPER monochromator the photon flux is obtained
by a photodiode that can be moved into the heam behind the exit sliLB
(see Fig. 1). Different from gas phase measurements the source volume
from which a CMA accepts electrons is not the same for each measure-
ment, but depends on the sample adjustment. It is given by the inter-
section between the source volume, the sample surface and the light
spot. In addition, the CMA acceptance area on the surface varies as a

function of the ratio between E and E

kin theoretically the area

pass’

/E )_I.3 In the experiment

is predicted to be proportional to (Ekin pass

E is tuned. However, to determine the CMA transmission, we follow
kin

the inteusity variation at fixed E in
conditions. Because photon cnergy and kinetic emergy are fixed the

intensity variation is now only a function of the analyzer transmis-

sion. Dividing this measured intensity by Epass accounts for the vari-
ation due to the chanmge in the (MA resolution, The corrected intensi-

ty plotted versus E, . / gives the CMA transmission (Fig. 2). A

kin Epass

change in Ein by a factor of 3 leaves the result unchanged within

9 % except [or values of Epass below 5 eV where residual fields in

the CMA are expected to disturb the electrons' trajectories. Above
this value, however, the result shows that the analyzer transmission
is in fact a function only of the ratio between kinetLic and pass ener-

gy. Large deviations from the predicted behaviour proportiomal to

(E, . /R )_I occur when the CMA acceptance area and the light spot
kin® ‘pass

/E . The arrow in Fig. 2

only partly overlap for small values of Epin pass

marks the 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 retarding

gridsj.

We now turn to the calculation of photoemission intensities. The number
of photoelectrons per time interval which leave the solid sample without
being scattered inelastically is determinde by:

N, (fu,E) = f ({ Ko, (fe,x) p, ¢ B,Q) dx d2 p, (E.x,8) Pge (EsfD) LE
X

i

tuning E for the same geometrical
pass

QD)



Here, Nph denotes the numher of photons impinging on the surface per
time interval, Pox the excitation probability per depth element dx
and solid angle element dQ, pes the excape probability, and Pie the
detection probability per energy resolution interval AE. Further, the
kinetic energy is simply written as E, and x stands for the distance

from the surface which is assumed to be atomically flat.

The detection probability can be split inte the analyzer transmission
t (E/Epass) which is independent of &, and the angular acceptance g (2).
This is justified if the dimensions of the effective probing area are
small compared to its distance from the CMA. Making also use of the pro-

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

Py (B = g+ ¢t (E/Epaas’ ¢, Eass 2)

where C0 is a constant,

Since in the emergy region of interest the absorption length is much 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 photcemission intensity:

Ne (fus, E)

I
corr . X
1\‘17}1(1;"“') t (E/Epass) Co Epass

L E ; 3
= pg (B g (BT £(@) dx &
X

For the variables that determine Q 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 as the polar
axis we can express { in polar coordinates, and the transformation between
the angles inside (¢', 8') and outside the sample (¢, 6) is given by
Exin

v »
(o]

¢,=¢;sin9'= e - | Y

sin 6 €

with v, being the immer potential of the sample, Since in eqn. (3) the
functions Py, and P, are determined inside the sample it is conmvenient
to write the integral in terms of ©' and ¢':
I =/ 1] @',9" (x,0') g(8",0") sinB' dx d&'de’ (3a)
corr ’){ 914 Pex * Pes '™ B »@7) sin X ¢ a

1410

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 ¢ and the asymmetyy parameter R:
=P = (1 +8P, (cos ') &)
Pex 41 2 (

The angle &' is measured between the electric vector of the radiation and
the direction of the outgoing photoelectron, p denotes the atomic density
and P2 is the Legendre polynom. The excape probability contains the

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

of the surface which for simplicity is again assumed to be flat:



P, = exp ( - TET};?T’) wich 0" 56 (5).
Surface refraction limits the range of 8' for which the electrons can
penetrate through the surface. This effect is automatically accuunted
for if we now transform eqn. (3a) to the angles measured outside the
sanple. Neglecting an angular asymmetry of the photoclectrons we carry
out the ¢-integration over the angular acceptance function

2w
[ 8€0.8) dp = 2 £¢8) ,

o

and arrive at the following expression for the photoemission intensity

w 7/2
9 Se=1 N
Teorr = _“pz V=] ] ex (- — JI(E) sing dx 40 (g
0 o L e ST 1
¥ _8_ v co8 © + m

The total photoemission intensity of a subshell nl is ot the only
information accessible to experiments. Angle resolved measurements and
measurements of only the surface emission intensity yield a complete data
set to determine all parameters that influence photoemission intensities.
The relation between these sample properties and the mcasurable inten-
sities is sketched in Fig. 3. From the left to the right, each experiment
depicted in Fig. 3 requires the information of the former. In an angle
resolved measurement of the bulk~to-surface intensity ratio taken at
different polar angles 6 with respect to the surface normal, the mean
free path stays constant for constant excitation energy. Thus such an
experiment may be suited to determine the surface topology. When the escape

probability is matched to this result, mcasurements at varying excitation

energies yicld the mean frec path, These measurcments are much easier
carried out using an angle integrating analyzer with the advantage of
much higher count rates. Likewise the asymmetry parameter and the partial
subshell cross~section may be extracted from total photoemission inten-

sities in angle resolved and angle integrated measurements.

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

an extremely high photon flux at high resolution so that these experiments
appear not to be feasible at present. Only one experiment of this type

was reported for evaporated Au by use of an X-ray sourceg, The data show
evidence for surface touglmess9 so that in principle this type of measure—
ments may be exploited to study surface roughnesses on a microscopic scale.
A detailed analysis of these effects on angle integrated measurements of
the bulk-to-surface intensity ratio showed that the influence is lower than
the experimental errurlo. This justifies the assumption of an atomically

flat surface for these types of experiments.

The bulk-to~surface intensity ratio is then calculated using equation (5)
only for the bulk emission and omitting the inelastic attenuation for the
surface emission. If the excitation probability is independent of x and 8

it may be taken out of the integral. Thesc assumptions are justified since
the absorption length is much larger than the photoelectron attenuation
length and il the influence of the atomic asymmetry paramcter [ way be
neglected, e.g, because the CMA axis and the electric vector of the radiation
include the "magic angle" of 54°44', 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 case, an extreme



variation of B changes the total intensity by -8% and +16%. Surface
refraction lowers this intensity variation even further so that it may
well be neglected. The angular acceptance f(8) 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 angular

acceptance, over X and Q:

o
oo [ [, B(® a0 ax
IB ~ B a0 es
I_ - a
s o [ [ g(@ a2 dx
S ol
" 8 ycos?a+ — ( d ) 46
£ £(6) sin® yeos"8+ 7 exp(- E_z—_?“
oy o f&T D e
"0 ale T2
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0

Here, a denotes the thickness of a surface layer. Fig. 6 shows the inten-
sity ratios versus the mean free path with € as a parameter, The angular
acceptance £(8) used here corresponds to the geometry of the FLIPPER

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

As an example for the experimental determination of the mean free path
from bulk-to-surface intensity ratios Fig. 7 shows our measurements on
evaporated Au together with the corresponding fits for the bulk and surface
emission. Qur fitting procedure is described in Ref. 1. 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

orientationslz. Our spectra of the evaporated Au film can be fitted using

both a {111)- and (l10)-surface component which show the same surface
shiftlz, and a (100}-surface compoment which can be distinguished from
the others]2. The (100)~contribution may only be varied between 20% and
50% to obtain reascnable fits to our data. Assuming a 33Z contributien
for each low index surface we are left with the bulk-to-surface intensity
ratio as the only adjustable parameter since the lineshape parameters

are known from bulk sensitive XPS measurements (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 determined, the result is shown in Fig. 8 (aAu =2.2% 9).

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 range.

The excitation probability of core levels is dominated by atomic properties.
Even the asymmetry parameter B maintains its importance in the solid as
angle resolved measurements revealedls. 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 as:

0T e w/2 ST
T b ] eosT e gy T(B) sind 08
=P Gnl LK

This defines the correction function K which is shown in Fig. 9 (for
the geometry of the FLIPPER experiment). The product of £¢K contains
all solid state corrections to the total photoemission intensity,

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

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

duct 2*K for Au is shown in Fig. 10,
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Our result indicates that the total photoemission intensity is strongly
influenced by solid state corrections in the emergy range below the
minimum of the mean free path, less affected, however, above the

minimum of the mean free path. This is due to the moderate variation of

both the emission cone caused by surface refraction {compare Fig. 9)
and the mean free path (compare Fig. 8) in this energy range. This
allows partial cross-section determinations without detailed knowledge
of the mean free path. The sitvation is illustrated by the analysis
of the mean free paths in the rare earth metals Eu and Gd and the &4f
cross—section of Gd. The surface shift of these materials has been
described previously together with a less detailed analysis of the
mean free pathll. The measurements on these materials have been con-
tinued with even enhanced resolutionls. The resulting mean 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 atoms in the surface layer is equal to that of a hulk
layer of the same thickness. The mean free path of both materials

can be fitted by a single curve, for simplicity we approximate it by

a straight line. The lower part of Fig. |! shows the 4f intensity
both with and without the solid state correction &:X. This curve con-
tains the dramatic 44-4f resonance around |50 eV photon enetgyl7.

We want to stress that the lineshape of this resonance even over a

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

However, if cross-section measurements cover the energy range helow

the minimum of the mean free path the solid state corrections to the
photoemission intensity are of crucial importance. In this context

we note that in a previous study of the 4[ cross-section of solid Au,
Johansson et al6 were left with a discrepancy of an order of magnitude
betwyeen the results determined by the direct &4f-photoemission intensity
and the results determined by the NOO (4f 5d 5d)-Auger intensity near
threshold. For energies higher than 100 eV abave threshold, both re-
sults matched. The discrepancy was attributed to the effect of higher
order light from the monochromatore. Based on our results we can easily
add further explanations of this discrepancy: the transmission of the CMA
deviates from the theoretically predicted behaviour in the low energy
region (see Fig. 1); the mean free path used by Johansson et al is based
on less exact determinations and shows a wrong energy dependence below
100 eV kinetic energy. This stresses the importance or both the deter-
mination of an analyzer's transmission function and of the combined
theory for the calculation of bulk-to-surface intensity ratios and

total photoemission intensities.
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Revolving photodiode that can be moved into the photon beam
behind the exit slit of the monochremator. Two cathodes may be

used alternatively.

Transmission function of a CMA experimentally determined for one
particular sample adjustment at two different kinetic energies.

The theoretically predicted bebaviour is shown by the solid line,

Connection between sample properties and measurable photoemission

intensities, The symbols are explained in the text,

Collection geometry of the CMA at the FLIPPER experiment. The
analyzer axis 1s in the y-z plane tilted by 45° against the z-axis.
The sample surface normal n is in the z-x plane tilted by the

angle % 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.

Analyzer acceptance for the collectien geometry of Figure 4,

caleulated for different angles o,

Bulk-to-surface photoemission intensity ratios versus the mean
free path calculated for different values of e using the angular

0
acceptance for o = 307,

Energy distribution curves for the 4[7/2 photoelectrons from
evaporated Au (overall resolution O,leV) and corresponding [its for
bulk and surface emission as described in Ref. ll. The deccmposed

bulk and surface contributions are shown for the 170eV-spectrum.

Mean free path for evaporated Ao determined from the bulk-to-
surface intensity ratios with help of Fig., 6. The values below

1l eV are taken from Ref. 14, the theoretical curve from Ref. 15,
Correction function K for the total photoemission intensity (secc text).

Solid state correction %+K for the total photoemission intensity

of evaporated Au (see text),

Mean free path for evaporated Eu and Gd (upper panel) and

4f cross-section of Gd.
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