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A theoretical investigation is made of the shape of x-ray photoelectron spectra of crystals for various
directions of emission of the photoelectrons. For description of the x-ray photoemission the orthogonalized
plane wave model proposed by us previously [Sov. Phys. JETP 45, 993 (1977)] is used. The effect on the
shape of the photoelectron spectra of the polarization of the x rays and the spectrometer aperture angle is
analyzed. The angular dependence of the cross sections for photoionization of valence electrons and the x-
ray photoelectron spectra of single crystals of aluminum and copper are calculated. A method is proposed
for determination of the partial density of states of electrons of various symmetry types from the
experimental data obtained by the method of x-ray photoelectron spectroscopy with use of the angular
dependence of the valence-electron photoionization cross sections.

PACS numbers: 79.60.Cn, 71.20. + ¢

1. INTRODUCTION

Recently as a consequence of the refinement of ex-
perimental technique in x-ray photoelectron spectro-
scopy (XPS) the possibility has appeared of studying
the energy distribution of photoelectrons emitted from
a single crystal in a definite direction. Several
groups®-® have observed a significant change in the
structure of the x-ray photoelectron spectra of the va-
lence band of single crystals of copper, silver, and
gold on change of the sample position relative to the
x-rays incident on it. Study of the angular dependence
of x-ray photoelectron spectra permits additional in~
formation to be obtained on the electronic states in the
valence band of crystals. For this purpose it is neces-
sary to carry out a theoretical analysis of the process
of x-ray photoemission and to learn what factors deter-
mine the angular dependence of x-ray photoelectron
spectra. It is of interest also to analyze theoretically
the experimental techniques, since in reality the ex-
periments study photoelectrons emitted not in a strictly
defined direction, but within some solid angle whose
value is determined by the aperture angle of the photo-
electron-analyzer entrance window. It is necéssary to
learn how the angular dependence of x-ray photoelectron
spectra is related to the size of the analyzer aperture
angle.

In a previous article! we proposed a theoretical model
for description of x-ray photoemission from polycrystal-
line materials, and also from single crystals with the
condition that all photoelectrons leaving the sample sur-
face are analyzed by a spectrometer.

In the present work we use this model to consider
questions related to the angular dependence of x-ray
photoelectron spectra. Cross sections are calculated
for photoionization of electrons of various symmetry
types for different directions of photoemission. The ef-
fect of the polarization of the x rays on the angular de-
pendence of x-ray photoelectron spectra is discussed.
X-ray photoelectron spectra are calculated for alumin-
um and copper for various cases of polarization of the
radiation and various directions of emission of photo-
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electrons. A method is proposed for construction of
partial densities of states of valence electrons on the
basis of experimental data with use of the angular depen-
dence of the cross sections for photoionization of elec-
trons of various symmetry types.

2. DETERMINATION OF CROSS SECTIONS FOR
PHOTOIONIZATION OF VALENCE ELECTRONS

Using the description of the photoemission process the
orthogonalized plane wave model proposed earlier,! we
obtain the following formula for the energy distribution
of photoelectrons emitted from a crystal into a solid
angle dp:
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All of the remaining symbols in the formulas are iden-
tical to those used in Ref. 1.

The summation in Eq. (3) is carried out over the en-
tire Brillouin zone in accordance with the results of
Shevchik,® who showed that even at room temperature
the vibrations of the atoms in the crystal lattice lead to
the necessity of taking into account in x-ray photoelec-
tron spectra all k states inside the Brillouin zone even
in the case of limitingly small aperture angles.

The second term in the right-hand side of Eq. (1) de-
scribes the interference of electron waves from differ-
ent sublattices of the crystal. In the case of a crystal
containing only one atom per unit cell, this term dis-
appears and the x-ray photoelectron spectra is a super-
position of local partial densities of states taken with
weighting factors whose value depends on the energy
and direction of emission of the photoelectrons (in this
case the index « designating the number of the atom in
the unit cell can be dropped):
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Thus, the angular dependence of x-ray photoelectron
spectra is determined by the angular dependence of the
cross sections for photoionization of electrons of vari-
ous symmetry types:

0:(P)=E;"1Q,(P) |*. _ (5)

Separating the atomic functions into a radial and an
angular part, carrying out the integration over angles,
and taking into account the properties of Clebsch-Gor-
dan coefficients, we obtain
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All of the factors in Eq. (6) have been written in the
system of coordinates fixed to the crystal. The labora-
tory system we specify in such a way that the z axis
(the polar axis) is parallel to the direction of propaga-
tion of the electromagnetic radiation. Defining the lo-
cation of the laboratory system relative to the crystal
system by the Euler angles, we can express the spheri-
cal harmonics contained in Eq. (6) in terms of a linear
combination of spherical harmonics in the laboratory
system”:

Yim (8,91 =Y, ¥im (6, @) Drms(ct B, 1). (1)
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Equations (5) and (7) provide the possibility of cal-
culating cross sections for photoionization of electrons
for any position of the single-crystal sample with re-
spect to the x rays incident on it. For specific calcula-
tions the final formulas are conveniently expressed in
terms of real combinations of spherical harmonics.

In the present work we discuss theoretically the geo-
metry of the experiments carried out in Refs. 2-5 on
study of the angular dependence of x-ray photoelectron
spectra.

In Fig. 1 we have shown the position of the sample in
the HP 5950A electron spectrometer in which the prin-
cipal experimental results were obtained on the angular
dependence of x-ray photoelectron spectra. The vectors
determining the direction of propagation of the electro-
magnetic radiation and the flux of photoelectrons lie in
a plane perpendicular to the sample surface. In the
spectrometer there is the possibility of rotation of the
sample around the axes 1 (perpendicular to the plane of
incidence of the radiation) and 2 (perpendicular to the
sample surface). The angle 5 between the photon flux
and the photoelectron flux is fixed and in the HP 5950A
spectrometer is 72°. The sample is a single crystal
whose surface coincides with a definite crystallographic
plane. By rotation around axis 2 it is possible to estab-
lish the necessary position of the plane of incidence of
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FIG. 1. Position of sam-
ple in HP 5959A spectro-
meter.

the radiation with respect to the crystal, and then by ro-
tating the sample around axis 1, x-ray photoelectron
spectra are obtained for various values of the angle of
incidence of the radiation .

In the laboratory system introduced here the direction
of the polarization vector A is determined by the angles
6, and ¢,, where 6, =7/2 since A is perpendicular to
the direction of propagation of the radiation.

We shall consider three cases of polarization:

(1) the vector A lies in the plane of incidence of the
electro-magnetic radiation (o{” =0, for ¢, = gp);

(2) the vector A is perpendicular to the plane of in-
cidence of the radiation and parallel to the sample sur-
face (0{?=g, for @, = pp+1/2);

(3) unpolarized radiation:
1 ax
(U]
O =-£.." G‘d(pA.

It can be shown that from the formulas for the photo-
ionization cross section (5) and (6) in the case of un-
polarized radiation it follows that

0) ) 4 @)
of =/3(os toi ).

We note that for the experimental geometry considered,
in the plane-wave (PW) approximation we have always
0{?=0, since ALP, and the angular dependence of the
photoionization cross section o‘,°)for unpolarized radia-
tion is the same as for ¢{’. We shall discuss the angu-
lar dependence of the photoionization cross sections in
the orthogonalized plane wave (OPW) approximation.

3. ELECTRONS OF s AND p SYMMETRY. ANGULAR
DEPENDENCE OF X-RAY PHOTOELECTRON SPECTRA
OF ALUMINUM

Since ¢, depends only on the angle between A and P,
its value will not change with change of the angle y, but
o, will be different for different polarizations of the
radiation.

For a crystal with cubic symmetry of the lattice the
orbitals p,, p,, and p, are equivalent. Therefore the
value of g, also will not change with change of §, but will
depend on the direction of polarization of the radiation.
For crystals with a lower symmetry of the lattice, in
particular, for layered structures, a more complicated
angular dependence of ¢, is possible.

Since the ratio of the contributions of s and p states
to x-ray photoelectron spectra will be different for dif-
ferent directions of polarization of the radiation, use of
polarized radiation to excite possibility of separating
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the contributions of electrons of different symmetry
types in x-ray photoelectron spectra of elements con-
taining s and p electrons in the valence band.

We have considered this case for the example of alum-
inum, for which the x-ray photoelectron spectra can be
represented in the form

I (E, P)={0.(P)N.(E)+0,(P) N, (E)} dp.

The partial densities of states of valence s and p elec-
trons of aluminum were taken from Ref. 8, where they
were calculated by means of the augmented plane wave
(APW) method. The insignificant contribution of electron
states of d-type symmetry was not taken into account

by us. In calculation of the photoionization cross sec-
tions the quantities T,; and U,.,,,; were determined with
use of the Clementi wave functions.® As a result we
obtain for the different polarization cases

o.“’/a,“’ =11.88, o /at” =0, o /u,‘."’ =6.98.

Thus, for polarization in the plane of incidence the x-ray
photoelectron spectra should reflect mainly the density
of states of s-type symmetry, and for polarization per-
pendicular to the plane of incidence —the density of states
of p-type symmetry. The calculated x-ray photoelec-
tron spectra are given in Fig. 2. It can be seen that for
the two polarization directions considered the shape of
the x-ray photoelectron spectra should differ substan-
tially. The calculated spectra for the case of natural
radiation are close in shape to curve 1. Unfortunately,
there are no corresponding experimental data.

4. ELECTRONS OF d SYMMETRY. ANGULAR
DEPENDENCE OF X-RAY PHOTOELECTRON SPECTRA
OF COPPER

For electron states of d-type symmetry there is a
strong angular dependence of the values of the photoion-
ization cross section, which is different for f,, and e,
states. In the plane wave approximation ¢,, ando,
reached their extreme values in photoemission along the
symmetry directions [001], [101], and [111]; in particu-
lar, ¢,, =0 for the [001] direction and 0,, =0 for the
[111] direction. In the OPW approximation the directions
in which o, and o, reach their extreme values do not
in the general case coincide with symmetry directions.
The magnitude of the deviation is determined by the con-
tribution of the orthogonalization terms and also by the
angle between the vectors P and A. The directions of
the extrema of o,, and o, and the symmetry directions
coincide for P||A. The greatest anisotropy in the OPW
approximation is for o{®, but ¢{?+ 0 and also depends on
the direction of photoemission. In addition ¢® does not
vanish, and consequently in the case of natural radiation
the x-ray photoelectron spectra will always contain con-
tributions of electron states of both ¢,, and ¢, symmetry.

We have calculated the angular dependence of the
photoionization cross sections and the x-ray photoelec-
tron spectra of valence electrons of copper single cry-
stals. Since the shape of the x-ray photoelectron spec-
tra is determined mainly by d states, we did not take
into account s and p states in the calculation, and the
spectrum was represented in the form
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FIG. 2. Density of states and x-ray photoelectron spectra

of valence electrons of aluminum (in arbitrary units). a)
X-ray photoelectron spectra for polarization of the radiation
parallel (1) and perpendicular (2) to the plane of incidence,
calculated in the OPW spproximation (solid curves) and in the
plane-wave approximation (dashed curve); b) total density of
states (1) and partial densities of states of s electrons (2) and
p electrons (3).

dI(E’ P) = {cha(P)N'l' (E) +0¢a (P)Ntn(E)}de (8)

The partial density of states of electrons of {,, and e,
symmetry types were calculated on the basis of 5230
points in 1/48 of the Brillouin zone with use of the
Hodges-Ehrenreich interpolation scheme.'® The param-
eters describing the energy-band structure of copper
were determined from the results of a calculation using
the augmented plane wave approximations,!! and the
values of T,; and U,;+.,, were calculated with use of the
Clementi wave functions.®

We considered a copper single crystal whose surface
coincides with the (001) plane, and the plane of incidence
of the radiation was parallel 1) to the (100) plane and
2) to the (110) plane. Figures 3 and 4 show the results
of calculation of the angular dependence of the photo-
ionization cross section g,, and o, for these two sample
positions. For comparison we have shown also o(,";‘ and
aﬁ,‘:’ calculated in the plane wave approximation. It can be
seen that inclusion of the orthogonalization terms can
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FIG. 3. Angular dependence of photoionization cross sections
of valence electrons of a copper single crystal in position 1
(see Fig. 1): a—0y, in the OPW approximation, b—a,‘ in the
OPW approximation, ¢c—a, ¢ in the plane-wave approximation,
d—o g, ¢ in the plane-wave approximation.
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FIG. 4. Angular dependence of photoionization cross sections
of valence electrons of a copper single crystal in position 2:
a—0y, in the OPW approximation, b—¢,_in the OPW ap-
proximation, ¢—g¢,  in the plane-wave approximation, d—
%oy in the plane-wavé approximation.

produce an appreciable change in the ratio of the con-
tributions to x-ray photoelectron spectra of electron
states of ¢,, and e, symmetry.

5. DEPENDENCE OF SHAPE OF X-RAY
PHOTOELECTRON SPECTRA ON APERTURE ANGLE

The results presented above were obtained for the
case of limitingly small aperture angles. However, in
contemporary photoelectron spectrometers in order to
achieve sufficient fluxes of photoelectrons the measure-
ments are made with aperture angles of at least 6-8°.

It has been established by Wagner et al.* that the shape
of x~-ray photoelectron spectra calculated in terms of
the direct transition model depends strongly on the value
of the spectrometer aperture angle. We have considered
the dependence of the photoionization cross sections on
the value of the aperture angle for photoelectron emis-
sion along the [001], [110], and [111] axes. In this case
by direction of emission of photoelectrons we under-
stand the direction of the axis of the cone limiting the
solid angle §,,. The photoionization cross sections were
determined from the formula

i
=—{ 0:(85, pr) dQ.
[\ 1} Q.PJ‘O (ep ‘Pr) P

nap

The results of the calculations are given in Fig. 5. It is
evident that with increase of the aperture angle the dif-

{001} [110] {111}

U N TS S YO I __I_LT.LL
0 28° 40° 60° 0 20° 40°0 20° 40°F

FIG. 5. Photoionization cross sections o " (solid curves)
and o, (dashed curves) as a function of the value of the aper-

ature angle.

30 Sov. Phys. JETP 49(1), January 1979

ference in the values of of,, and 0., decreases and for
sufficiently large angles (¢ >+30°) they become prac-
tically equal. This result agrees with the formula from
Ref. 1, which was obtained for a single crystal of cop-
per on averaging over the total solid angle. In addition
a change of the angle ¢ from ¢=0 to ¢ =+7° changes the
ratio o, 2‘/o'g' so insignificantly that the corresponding
change in shape of the x-ray photoelectron spectra can-
not be observed by means of existing experimental tech-
niques. Thus, on increase of the aperture angle to ~14°
the x-ray photoelectron spectra are practically un-
changed and for the aperture angles at which the experi-
mental study of the angular dependence of x-ray photo-
emission is carried out the shape of the spectra does
not depend on the value of the angle. Indeed, the x-ray
photoelectron spectra obtained in Refs. 4 and 5 for the
same photoelectron emission directions coincide, in
spite of the fact that the aperture angles differed by
~1.5 times. This result confirms the conclusion drawn
by Shevchik® that the direct-transition model does not
give a correct description of the angular dependence of
the shape of the photoelectron spectra in the x-ray re-
gion.

6. COMPARISON OF X-RAY PHOTOELECTRON
SPECTRA CALCULATED FOR COPPER WITH
EXPERIMENT

In Ref. 1 it was noted that small energy shifts of the
electron states of f,, and e, symmetry type can lead to
some change in the shape of x-ray photoelectron spec-
tra of valence electrons of the transition and noble me-
tals. Such shifts can be produced by multielectron pro-
cesses, in particular by relaxation effects. However,
at the present time multielectron methods of band theo-
ry have not been developed to the point where they can
give quantitative results with sufficient accuracy. There-
fore we introduced into the calculation an empirical pa-
rameter —a shift of the partial density of e, states rela-
tive to f,, states. The basis for introduction of this pa-
rameter is the comparison of the x-ray photoelectron
spectra of photoelectrons emitted along the [111] direc-
tion (which reflect mainly ¢,, states) and the [001] direc-
tion (which reflect mainly e, states), and the correspond-
ing partial densities of states. From Fig. 2 of Ref. 5 it
is evident that the maximum of the x-ray photoelectron
spectra of e, states of copper is shifted with respect to
the maxima of the spectra of ¢,, states by 0.3 eV to-
ward the Fermi level in comparison with the partial den-
sity of states of e, symmetry calculated without taking
into account multielectron effects.

In the present work the x-ray photoelectron spectra of
single crystals of copper were calculated on the basis
of Eq. (8) but with inclusion of a shift of ¢, states of 0.3
eV toward the Fermi level. This leads to improvement
of the agreement of the theoretical results with experi-
ment in all cases when the contributions of ¢,, and e,
states to the x-ray photoelectron spectra are close in
value. In all remaining cases, when the shape of the
spectrum is determined primarily by electron states of
one symmetry type, the displacement introduced does
not affect the results of the calculations.

The calculated x-ray photoelectron spectra are shown
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FIG. 6. X-ray photoelectron spectra of valence electrons of a
copper single crystal (a) in position 1, b) in position 2, ob-
tained for various directions of emission of photoelectrons

(in case b the spectra at $="72.7 and 98° are for emission of
electrons along [111]); the dotted curves were calculated in the
OPW approximation and the dashed curves in the plane-wave
approximation; the solid curves are the experimental data of
Ref. 4.
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in Fig. 6 in comparison with the experimental spectra
obtained by Wagner et al.? The theoretical curves have
been spread out by a dispersion curve with half-width
0.4 eV, which corresponds to a spectrometer resolu-
tion 0.8 eV. In reality the resolution depends on the
angle of emission of the photoelectrons from the sample
and for the experimental x-ray photoelectron spectra
shown, according to estimates made in Refs. 4 and 12,
lies in the range 0.5-1.2 eV. It is evident that the theo-
retical x-ray photoelectron spectra calculated in the
OPW approximation are in good agreement with the ex-
perimental results both on the width of the band and on
the energy position and the ratio of the intensities of
individual features of the spectrum. These results de-
scribe the dependence of the x-ray photoelectron spectra
structure on the direction of photoelectron emission sig-
nificantly better than the results of a calculation in
terms of the direct-transition model given by Wagner

et al.*

Wehner et al.'? have calculated x-ray photoelectron
spectra for copper single crystals in the plane wave ap-
proximation. In the particular cases considered, agree-
ment with the experimental data* was obtained. We note
that the plane wave approximation does not always give
a satisfactory description of the structure of x-ray
photoelectron spectra. For example, for a sample in
position 2 for y = 98° (this case is not given in Ref. 12)
the x-ray photoelectron spectrum calculated in the
plane wave approximation (see Fig. 6) has two peaks,
since according to the calculation electron states of ¢,,
symmetry type dominate in the spectrum. The calcula-
tion in the OPW gives equal contributions of {,, and e,
states to the spectrum, as a result of which the shape
of the spectra is in good agreement with the experimen-
tal result.

As can be seen from Figs. 3 and 4, there are photo-
emission directions for which in the OPW approxima-
tion 0,, <o,,, or the reverse. For such directions the
X-ray pﬁotoelectron spectra calculated in the OPW and
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plane wave approximations will differ substantially. It
follows from this that for a deeper analysis of the prob-
lem it is necessary to obtain experimental data over a
wide range of directions.

7. DETERMINATION OF PARTIAL DENSITIES OF
STATES OF VALENCE ELECTRONS FROM THE
ANGULAR DEPENDENCE OF X-RAY PHOTOELECTRON
SPECTRA

The calculated angular dependence of the photoioniza-
tion cross sections for electrons of different symmetry
type provide the possibility of determining from the ex-
perimentally obtained x-ray photoelectron spectra the
partial densities of states of the valence electrons. The
basis of the technique proposed is the ratio between the
intensity of the photoelectron fluxes and the partial den-
sities of states. Each x-ray photoelectron spectrum is
characterized by a quite definite value of excitation ener-
gy and direction of emission of photoelectrons. We shall
designate the combination of these parameters by the in-
dex j, and the explicit indication of the dependence on
P we shall drop. Then

rENPE)= (Y WEol) [ (Y NiEDol),

from which follows the equation

Y o/ (P(EIN(B) P E)N(E)]=0.
Thus, if #» electron states of different symmetry type
(i=1,...,n) contribute to the x-ray photoelectron spec-
tra, then, for example, setting N,(E;)=1 and using 2»n
-1 photoelectron spectra (j=1,...,2z-1), we form
system of linear equations for determination of the un-
knowns

N2(Es), - .« Na(Eo), Ni(E,), No(Ey), ..., Na(E,).

Holding E, constant and changing the value of E,, we
solve the system of linear equations for each new value
of the energy E,. The functions N;(E) obtained in this
way are normalized to the total number of electrons in
the valence band:

j 21\7, (E)dE=N.

fmmt

As a result, in addition to the partial densities of states,
we determine also the occupation numbers of electron
states of various symmetry types.

For example, the x-ray photoelectron spectra of va-
lence electrons of copper is determined by states of the
t,, and e, symmetry types and to find the partial den-
sities of these states three experimental photoelectron
spectra are necessary.

With use of the experimental x-ray photoelectron
spectra we obtained the partial densities of {,, and ¢,
states of copper which are shown in Fig. 7. It can be
seen that the curves obtained reflect the main features
of the density of states.

If the total density of states is normalized to ten val-
ence d electrons, we obtain 6.4 electrons for states of
t,, symmetry type and 3.6 for e, -type symmetry.

Instead of the angular dependence of the photoioniza-
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FIG. 7. Partial densities of states of valence d electrons of
copper: the solid curves were obtained semiempirically,

with use of the angular dependence of the photoionization cross
sections; the dashed curves were calculated according to the
Hodges-Ehrenreich interpolation scheme (the curves have been
spread out by a dispersion curve with half-width 0.3 eV),

tion cross sections, in calculation of the partial den-
sities of states it is possible to use their dependence on
excitation energy. However, at the present time in the
x-ray region of the spectrum the experimental possibil-
ities of this procedure are limited. The most promising
method is probably the use of synchrotron radiation for
excitation of photoemission.

8. CONCLUSION

The theoretical discussion carried out in this article
of the dependence of the photoelectron energy distribu-
tion on their direction of emission from single crystals
and the comparison of the results with existing experi-
mental data provide a basis for asserting that the OPW
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approximation is a good model for description of the an-
gular dependence of x-ray photoemission, The photo-
ionization cross sections calculated in terms of this
model permit evaluation of the contribution to x-ray
photoelectron spectra of electron states of different
symmetry types, and this provides the possibility,
using experimental spectra obtained for different photo-
electron emission directions, of determining the region
of energy localization of various electron states. A
method is proposed for determination of the partial den-
sities of states of valence electrons from the experi-
mentally obtained angular dependence of the x-ray photo-
electron spectra of single crystals. Particularly prom-
ising for this purpose is the use of polarized electro-
magnetic radiation for the excitation of photoemission.
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