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Some general relations determining the intensity of x-ray photoemission from single-crystal and 
polycrystalline solids are derived in the one-electron approximation. Plane waves (PW) and orthogonalized 
plane waves (OPW) are used to describe the state of the excited electron. It is shown that allowance for 
the orthogonalization terms are important for the computation of the cross sections for photoionization of 
valence electrons. The obtained results are discussed, using as examples the transition and noble metals 
and semiconductors and dielectrics with the diamond and zinc-blende structures. The difference between 
the spectra of polycrystals and single crystals of the transition metals can be appreciable, whereas for 
dielectrics this difference is small. The results of the calculation of the x-ray photoelectron spectra of 
crystals are in good agreement with the experimental data. To obtain the fine distinctive features of the 
structure of a spectrum, particularly in the investigation of the transition metals, the many-electron effects 
should be taken into account. 

PACS numbers: 79.60.Cn, 79.60.G~ 

I. INTRODUCTION of the high values of the excitation energy (- 1500 e ~ )  

X-ray photoelectron spectroscopy i s  an effective 
method of investigating the electronic structure of 
 crystal^.^^'^^ This is connected with the fact that i t  can 
be used to determine energy band structure, the charge 
state of atoms in crystals, the type of chemical bond. 
Also of considerable interest i s  the study of the process 
itself of x-ray photoemission in solids: the elucidation 
of the factors determining the electron-photoionization 
cross section values and of the many-electron effects 
which manifest themselves in x-ray photoelectron spec- 
tra.  In the present paper the main attention i s  given to 
the theoretical description in the one-electron approxi- 
mation of x-ray photoemission of electrons from crys- 
tals. The applicability of the one-electron approxi- 
mation is due to the fact that, in the case of ionization 
of the valence shells of atoms, the many-electron ef- 
fects do not, in the x-ray region of the spectrum, in 
contrast to the near-absorption-threshold region con- 
sidered in Refs. 3 and 4, lead to a significant change in 
the structure of the spectra. For  example, a s  was 
shown in Refs. 5 and 6, the hole formed upon the photo- 
emission of electrons in the valence band gives r ise  to 
small shifts of the individual energy subbands relative 
to each other. 

Definite progress has been made in the development 
of the theory of photoelectron emission in the optical 
and ultraviolet regions of the spectrum.t71 For crys- 
tals the form of the photoelectron spectra in the optical 
region i s  determined not only by the distribution of the 
valence electrons over the energy states, but also by 
the band structure of the f ree  states. Besides the vol- 
ume states, there can also appear surface states in the 
optical photoelectron spectra. 

The x-ray photoelectron spectra carry  information 
primarily about the electronic states in the volume of 
the crystal, since the effective escape depth of the 
photoelectrons in this case i s  several times greater 
than in the optical region of the spectrum. As a result 

in the x-ray region, the density of f ree  k t e s  is a 
monotonic function of the energy, and therefore i t  does 
not affect the form of the photoelectron spectra. A 
vast experimental material on x-ray photoelectron 
spectroscopy of metals, alloys, dielectrics, and semi- 
conductors has already been accumulated, but there i s  
virtually no work on the theoretical discussion of the 
obtained results. 

In the present paper we consider a theoretical model 
that can be used to describe x-ray photoemission from 
crystals, and derive some general relations deter- 
mining the structure of the x-ray photoelectron spectra 
of single-crystal and polycrystalline samples. A dis- 
cussion of the obtained results i s  carried out for the 
transition and noble metals and for semiconductors and 
dielectrics with the diamond and zinc-blende structures. 

II. GENERAL THEORETICAL RELATIONS FOR THE 
DESCRIPTION OF PHOTOELECTRON EMISSION 
FROM CRYSTALS 

The probability of emission into the solid angle dS2, 
of a photoelectron of energy Ep from a crystal under 
the action of x rays of frequency w is described by the 
relation 

where $, i s  the wave function of the initial state of the 
electron in the valence band, $, is the wave function of 
the excited electron, and W i s  the operator of interac- 
tion with the electromagnetic field: 

We shall describe the electromagnetic field by a lin- 
early polarized plane wave with wave vector q and polar- 
ization vector A. The summation in (1) is over all the 
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k vectors satisfying the condition Ep - ~ , ( k ) = t i o .  

The work function, q, for  an electron in the sample 
can be taken into account by replacing Ep by (E, - q)  in 
the preceding formulas. This does not affect the shape 
of the energy distribution curve of the x-ray photoelec- 
trons and, therefore, below the work function will not 
be taken into consideration. 

To describe the electronic states in the valence band, 
let us use linear combinations of Bloch functions con- 
structed on the atomic orbitals X,(r): 

and, a s  the wave functions of the excited electrons, let  
us use plane waves orthogonalized to all the valence and 
ground states: 

where 

F, ( P )  = dam: (r) exp iPr. 
In0 

The transition probability matrix element can be 
written in the form 

where 

For greater simplicity of form of the obtained ex- 
pressions, we shall assume that the summation in these 
expressions always includes all the occupied states, 
but that c,=O if i does not pertain to states of the 
valence band. Let us introduce the notation 

Then, using the identity f - f * = 2i1m( f ), we obtain 

where 

SI=Pz cosz 6 ~ F i ' F i e i c ; ,  

while the u,(r) a r e  wave functions of the valence (x,) o r  S,--2P' cos' 6 z z Re (Fi'Fjelc;), 

core electrons of the atoms. i 5% 

s.= ~ F ~ . F ~ ~ ~ . T ~ .  s.=2 z z R. ( F I . F , ~ ~ . ~ , ) ' ,  
Notice that the index i in (2) and (3), which specifies 

i jwi 
the i-th electronic state, is a combination of the three 
quantum numbers {n,, l , ,  mi), and that the sum over i S,=-2P eos I? Im(Fi 'c tFjy j ) ,  

1 I 
is, in fact, a triple sum over n,, I,, and mi. 

while 9 is the angle between the directions of A and P. 
Let us compute the transition-probability matrix ele- 

ment ($,I Wl q c )  in the dipole approximation, which is 
permissible at  excitation energies Aw - 1500 eV. In 
doing this we neglect the overlap of the atomic orbitals 
localized at the various lattice sites. Summing over all 
the lattice sides v, we obtain an equation expressing the 
law of conservation of electron momentum in the photo- 
emission process: 

where Q is a reciprocal-lattice vector. However, for 
angular spectrometer apertures greater than 6-8" and 
excitation energies Rw- 1500 eV, the momentum con- 
servation law does not lead to additional limitations in 
the analysis of electronic states with different k vectors 
lying inside the Brillouin zone. Therefore, i t  is suf- 
ficient to restrict ourselves, when performing the sum- 
mation over k in the expression (I), to the terms deter- 
mined by the condition 

Ep<E,  ( k )  +Aw<E,+AEp, 

which expresses the law of conservation of energy in 
the photoemission process. 

The f i rs t  two terms, S, and S,, correspond to the 
plane-wave approximation, while S3, S4, and S, a re  
corrections resulting from the orthogonalization terms. 

To determine the quantities F,, (4), and y,, (5), let 
us introduce two coordinate systems: the laboratory 
system (r,  8, rp) whose polar axis coincides with the 
direction of the vector A and the system (r', 8', rp' ) 
connected with the crystal. The orientation of the co- 
ordinate system of the crystal relative to the laboratory 
system is characterized by the Euler angles (a, 0, y ) ,  
which we shall henceforth denote by the abbreviated 
form (P ) .  Spherical harmonics written in one coordi- 
nate system are  expressible in terms of linear combi- 
nations of spherical harmonics written in the other co- 
ordinate system: 

where the D:,,,. (8) a r e  the matrix elements of the rota- 
tions. 
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Writing in the integral (4) the atomic orbital ui(r) in 
the form of a product of the radial and angular parts, 
and expanding the plane wave in a ser ies  in terms of the 
spherical harmonics and the spherical Bessel functions, 
we obtain 

where 

" 
T i ( P )  = PR,, , , ( r ) i , ,  (Pr ldr .  

0 

Using the relationts1 

we obtain for  yi the following expression: 

where 

while the c(l, 2, L; mi, m,) a r e  Clebsch-Gordan coeffi- 
cients. C91 ,, 

1. X-ray photoelectron spectra of polycrystals. To 
describe the photoelectron emission from polycrystal- 
line samples, let us write the formulas (6) in the co- 
ordinate system connected with the crystal, and then 
transfer the vectors A and P into the laboratory system 
of coordinates and average over all values of the Euler 
angles, which is equivalent to averaging over all possi- 
ble positions of the crystal relative to the laboratory 
system of coordinates. In this case the expression for  
the angular distribution of the photoemission can be re -  
duced to the form 

which agrees with the result obtained in Ref. 10 for a 
gas of multi-atomic molecules. 

2. X-ray photoelectron spectra of sirrgle crystals. 
In deriving the corresponding expressions for  the in- 
tensity of x-ray photoemission from single-crystal sam- 
ples, i t  is necessary to take into account the specific 
position of the sample relative to the x rays incident on 
it. In this case the photoemission is characterized by 
a strong anisotropy, and the various directions of emis- 
sion of the photoelectrons will differ not only in the flux 
intensity, but also in the distribution of the photoelec - 
trons over energy. 

We have considered the case when the polarization 
vector, A, of the electromagnetic wave incident on the 
single-crystal sample is directed along the z axis of the 
crystal. In this case the laboratory system of coordi- 

nates cpincides with the coordinate system of the crys- 
tal and, consequently, the D rotation matrix is a unit 
matrix, i. e. , 

The corresponding expressions for S,, . . . , S5 a r e  ob- 
tained from (6) with allowance for  the fact that 9 = e,. 

If we assume that roughly all the electrons leaving 
the sample surface a r e  registered by the spectrometer 
(this practically corresponds to the experimental tech- 
nique used a t  present in x-ray photoelectron spectros- 
copy), then it is necessary to average the expression 
for  the intensity over the hemisphere bounded by the 
sample surface. In the general case it is difficult to 
carry  out this averaging. The problem gets simplified 
if the vector A i s  directed'along the z axis and the sur-  
face of the sample coincides with the xy plane of the co- 
ordinate system, since then, neglecting the interference 
between the electronic states of different symmetry 
classes, we can replace the integral over the hemi- 
sphere by half the integral over the entire sphere. 
However, in this case the x rays  should propagate par- 
allel to the sample surface, which does not correspond 
to any specific experimental situation. We can, in 
other cases in which the vector A is not perpendicular 
to the crystal surface, also go over to integration over 
the whole sphere, which will entail some approximation. 
This approximation will, apparently, not lead to ap- 
preciable errors ,  since the photoemission intensity is 
highest in the direction of the vector A. 

Ill. THE TRANSITION AND NOBLE METALS 

Let us apply the relations obtained in Sec. 11 to crys- 
tals of the transition and noble metals. Their valence 
band has quite a complex structure, produced a s  a re- 
sult of the hibridization of the electronic states of the 
s-p and d symmetry classes; the s-p states a r e  dis- 
tributed over the whole width of the valence band, while 
the d states a r e  localized in a comparatively narrow 
energy region. In the case of transition metals a t  the 
end of a period and the noble metals, the density of 
valence d states in the region of their localization sig- 
nificantly exceeds the density of the s-p states. Be- 
cause of this, a s  was shown in Refs. 11 and 12, mainly 
the d states a r e  reflected in the x-ray photoelectron 
spectra of the valence band of these crystals. To con- 
struct the wave function $,, (21, let us apply the Hodges- 
Ehrenreich interpolation scheme, [''] in which, a s  the 
basis, one uses plane waves for  the s-p states and 
atomic orbitals for  the d states. In this case the con- 
tribution of the s-p states to the transition-probability 
matrix element is small and can be neglected. 

Going over to real combinations of the spherical har- 
monics, we obtain the following expression for  the en- 
ergy distribution of the photoelectrons in the case of 
polycrystalline samples of copper: 
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Thus, up to a factor that insignificantly changes its 
magnitude along the width of the valence band, the x-ray 
photoelectron spectrum reproduces the density, of states 
of the valence d electrons. 

However, the experimental x-ray photoelectron 
spectra of polycrystalline samples of transition metals 
at the end of a period and the noble metals differ from 
the computed density-of -states curves. This differ- 
ence consists, first and foremost, in different inten- 
sity ratios for the individual features of the spectrum, 
although the positions of these features along the energy 
axis coincide with the positions of the corresponding 
features in the density-of -states curves.['41 A possible 
cause of the observed difference is the neglect in the 
theoretical model used of the relaxation effects. In 
particular, if the relaxation-induced energy shifts have 
different magnitudes for states with different energies, 
then this leads to a change in the shape of the spectrum. 

For a copper single crystal we can derive the fol- 
lowing expression for the photoelectron-flux intensity; 

states of the s- and p-symmetry classes are  compara- 
ble in magnitude, and the structure of the photoelec- 
tron spectrum is largely determined by the ratio of 
these contributions. 

In interpreting the x-ray photoelectron spectra of 
compounds, we must take into account the fact that, 
even when electrons of the different kinds of atoms in 
the crystal form a chemical bond, they nonetheless 
preserve some individuality of the atomic states, a s  a 
result of which the cross sections for photoionization of 
the s and p electrons of the various constituents differ 
from each other. 

To describe the valence electron states in the semi- 
conductors and dielectrics, we used the tight-binding 
method in the form proposed by Chadi and Cohen. C'71 

In deriving the relations determining the form of the 
photoelectron spectrum, we neglected the interference 
between the electronic waves from the various sublat- 
tices of the diamond or  zinc -blende structure. 

In the general case the expression for the intensity 
of the photoemission from polycrystals can be written 
in the form 

where 
where 

In this case the contributions of the individual d orbit- 
als to the intensity enter with different coefficients. In 
particular, the contribution of the orbitals having a z 
component is enhanced, which is due to the choice of 
the position of the single crystal relative to the x rays 
incident on it. This fact can lead to some changes in 
the structure of the photoelectron spectrum and to some 
difference between the spectrum and the partial density 
of the valence d states. 

Additional information about the electron structure of 
crystals can be obtained by investigating the angular de- 
pendence of the x-ray photoemission from single-crys- 
tal samples. We can distinguish those directions of 
photoelectron emission for which the form of the spec- 
trum is largely determined by electronic states of a 
definite symmetry class. This allows us to determine 
the energy and spatial localization of the various elec- 
tronic states, The problem of devising experiments 
for investigations of this type in the x-ray region of the 
spectrum is a complex one, but attempts have already 
been made in this direction. E151161 

IV. CRYSTALS WITH THE DIAMOND AND ZINC- 
BLENDE STRUCTURES 

The analysis of the x-ray photoelectron spectra of 
dielectrics and semiconductors of the A ' ~ ,  A1"BV , and 
A"B~' types is of special interest. For the transition 
and noble metals the contribution of the valence d elec- 
trons to the photoelectron spectrum by far exceeds the 
contribution of the s-p electrons. In dielectrics and 
semiconductors the contributions to the spectrum of 

is the local partial density of the i-th atom's electronic 
states having a symmetry of the 1-th class. The sum- 
mation in the expression (9) is performed over the 
atoms located in a unit cell of the crystal and over the 
valence electron states with orbital moments I. 

For silicon, the quantities a: (9, E) for the two atoms 
in the unit cell a re  equal, and a r e  determined by the 
formulas 

oSS1 (t?, E) = E " T ~ , ' C O S ~ ~ + E "  (TzpUzp; s.+TspUrp; sly C O S ' ~  

-ETs,(TzpUzp; s.+ TspUsp; rs)2 COS'~?, (10) 
o,"'(+, E )  =E"TrP2 cos26+E'" (Ti.Ui.; 3p+T1.U2,; 2 ,  

+Ts.U8.; p)'+ETsp(Ti.U,.; sp+TzaUzS; sP+Ts.Us.; 3 , )  .'/s COS*. (11) 

Notice that 

where N,(E) is the partial density of states of the 1-th 
symmetry class. 

In the case of Si, N : ( E ) = N ; ( E ) .  

For a single crystal of silicon, the expression deter- 
mining the flux intensity of the valence photoelectrons 
has the form 
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TABLE I. Ratio of the cross 
sections for photoionization of 
the valence s and p electrons of 

I FIG. 1. X-ray photoelectron crystals with the diamond struc- 
spectra of single-crystal ture. 

I (continuous curve) and poly- 

/ I crystalline (points) silicon. -hn 
If we assume that 

then the formula (12) can be written in the form 

Crystal 

Diamond 
Silicon 
Germanium 

which coincides with the result (9), obtained for poly- 
crystals. The quantities a, and u, in this case coin- 
cide with the photoionization cross section values ob- 
tained from the formulas (10) and (11) by integrating 
them over the upper hemisphere. 

Calculations show that the equality (13) is fulfilled 
with sufficient accuracy in a wide energy range. Con- 
sequently, the x-ray photoelectron spectra of single- 
crystal and polycrystalline Si samples virtually coin- 
cide (Fig. 1). 

as/u* 

We have carried out a computation of the x-ray pho- 
toelectron spectra of diamond, silicon, germanium, 
and gallium arsenide. The parameters of the tight- 
binding model were taken from Ref. 17. The quantities 
T,, and U,,;,. ,, were computed with the w e  of Cle- 
menti's atomic wave functions. C181 The calculation was 
performed over 5230 points in & -th part of the Brillouin 
zone. A s  can be seen from Fig. 2, the computed x-ray 
photoelectron spectra of diamond, silicon, and ger - 
manium are in good agreement with the experimental 
results. C193 

pw 
approxi- 
mation 

25.0 
1.7 
5.1 

It should be noted that allowance for the orthogonal- 
ization terms does not lead to a significant change in 
the form of the x-ray photoelectron spectra of diamond 
and silicon, although the magnitudes of the cross sec- 
tions for photoionization of the valence s and P elec- 
trons can change appreciably (Table I). For germanium 
the effect connected with the orthogonalization terms is 
quite substantial. 

OPW 
approxi- 
mation 

13.6 
2.4 
0.9 

In the x-ray region of the spectrum, at excitation en- 
ergies close to 1500 eV, the magnitude of the orthog- 
onalization corrections is determined largely by the 
core states. The integrals T,,(E) in diamond, silicon, 
and germanium for the core functions are, on the aver- 
age, ten times greater than for the valence functions. 
Therefore, the quantity ESI2 T:, (val.), which deter- 
mines the contribution to the photoelectron flux inten- 
sity from the plane wave, has the same order of mag- 
nitude as E 'IZ Ti, (core). A numerical analysis shows 
that the orthogonalization corrections in this case ex- 
ceed the contribution from the plane wave. A different 

relation obtains between the contributions to the photo- 
electron flux intensity in the presence in the valence 
band of highly localized electronic states of the d-sym- 
metry class. Thus, in the case of the noble metals the 
integrals T,,(E) for the core p states and for  the valence 
d states are  close in magnitude. Therefore, ES192 
(val. ) >> E E' T:# (core), and the orthogonalization cor- 
rections a re  small. 

Neglecting the interference between the sublattices 
in the crystal, the formula for the x-ray photoemission 
intensity in the case of a GaAs single crystal can be 
represented in the form 

where 

The results of the computation of the density of states 
and the x-ray photoelectron spectra of the valence 
electrons of gallium arsenide are presented in Fig. 3. 

FIG. 2. Experimental and 
' ' I theoretical x-ray photoelec- 

tron spectra of diamond, 
silicon, and germanium. 

SI . 
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FIG. 3. The x-ray photoelectron 
spectrum and the density of states 

- -  
of the valence electrons of gallium 
arsenide: a) the experimentally 
obtained spectrum; b) the spectrum 
computed in the OPW approxima- 

-1 \ 
\ tion (continuous curve) and in the 

PW approximation (dashed curve); 
C) density of states. The theoret- 
ical lines are  broadened by a dis- 
persion line of halfwidth 0.3 eV. 

-15 -10 -5 L' 

E, eV 

The peak I i s  determined largely by the 4 s  states of As, 
the peak II by the 4 s  states of Ga and partly by the 4p 
states of As, and the peak Ill by the 4 p  states of Ga 
and As. In Table 11 we present the ratio of the magni- 
tude of the peak 111 to the magnitude of the peak I for 
all the curves shown in Fig. 3. 

The presence in the system of relaxation effects for 
the semiconductors and dielectrics was implicitly taken 
into account in that the parameters with which the com- 
putation was carried out were determined by the em- 
pirical-pseudopotential method. C'71 

V. CONCLUSION 

In the paper we have proposed the use of plane waves 
orthogonalized to the valence and core states in a 
crystal for the description of photoelectron states. We 
have shown that, in the case of the transition and noble 
metals, polycrystalline and single-crystal samples may 
have different x-ray photoelectron spectra, whereas in 
the case of dielectrics this difference i s  small. This i s  
due to the presence in metals of a complex band struc- 
ture connected with the hybridization of the s-p and d 
electrons. By investigating the x-ray photoelectron 
spectra in spectrometers with small angular apertures 
for the collection of the photoelectrons, we can hope to 
establish this difference for dielectrics a s  well. 

For polycrystalline samples the intensity of the x-ray 
photoelectron spectra i s  represented in the form of a 
sum of products of the partial densities of valence-elec- 
tron states and the corresponding photoionization cross 
sections. Allowance for the orthogonalization terms in 
the expression for the excited-electron wave function 
leads to a significant change in the magnitudes of the 
photoionization cross sections, an effect which improves 
the agreement with experiment. 

Notice that we have not in the present paper consid- 
ered the questions connected with the passage of an ex- 
cited electron through the sample surface. At electron 
energies - 1500 eV the diffraction phenomena are  weak; 
therefore, they can be neglected. We also neglected 
the contribution of the multiply scattered electrons, a 
contribution which was subtracted from the experimental 

TABLE 11. Ratio of the peak IJI 
to the peak I in the curves of the 
x-ray photoelectron spectra (XPS) 
and of the density of states of 
gallium arsenide. 

Compared quantities 

XPS (experiment) 

spectra with which the results of the calculations were 
compared. 

The present paper shows that a fairly good idea about 
the x-ray photoelectron spectra of solids can be obtained 
in the one-electron approximation. But to obtain the 
detailed features of the structure of a spectrum, es-  
pecially in the investigation of transition metals, we 
must take the many-electron effects into account. 
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