PHYSICAL REVIEW A 86, 063410 (2012)

3p photoionization and subsequent Auger decay of atomic germanium
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The 3 p photoionization and subsequent Auger decay of initially neutral atomic germanium is studied both
experimentally and theoretically. The binding energies and relative intensities of the 3 p photoelectron spectrum
are given. The M, 3M3 4M5 4 and M, 3 M3 4N Auger electron spectrum leading to doubly ionized final states is
presented. The photoelectron and Auger electron spectra were interpreted using multiconfiguration Dirac-Fock
calculations that provided the identification for the main spectral features.
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I. INTRODUCTION

Germanium and its compounds are important elements in
modern electronics and especially in semiconductors. Since
large amount of devices rely on germanium it is an attractive
research subject. When germanium atoms bond, the outermost
valence 4s and 4p orbitals hybridize and form delocalized
bands. However, core orbitals remain localized in the solid
germanium. Properties of these inner orbitals can be used as
indicators of the chemical environment in the surface [1] and
bulk [2], whereas the valence band provides information about
the bonding itself [3]. Construction of solar cells with high
efficiency and reliability is based on thin multilayer structures
[4,5]. Thus the development of these structures requires tools
sensitive to surface and chemical environment. A commonly
employed method to probe the chemical environment is
core-level photoionization and analysis of the chemical shift
with respect to the atomic case. With synchrotron radiation it is
possible to probe the properties of chemical bonds by studying
the response of the system to photon impact and how it behaves
in the subsequent Auger decay. During the past 50 years
few studies of pure, doped mixed and solvated germanium
[6,7] as well as germanium nanowires [8] were published.
However, the basic knowledge of the electronic structure is
not complete even for the atomic phase [9]. The present
paper continues the effort on providing the basic electronic
structure information about the core shells of industrially
important metals (see, e.g. [9-11] and references therein).
In the present paper experimental and theoretical analysis
of the 3p ionization and subsequent Auger decay of atomic
germanium is provided. The binding energies of the states
related to Ge 3p photoionization and kinetic energies of the
subsequent Auger decay are reported together with analysis
and discussion of the observed spectral structures.

II. EXPERIMENT

The experimental work was carried out at the 1411 beamline
of MAX-II synchrotron storage ring in Lund, Sweden [12].
The electron spectra were measured using Scienta R4000
hemispherical electron energy analyzer. In order to obtain
electron spectra that are proportional to the angle-integrated
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cross section, the electron signal were recorded at the angle of
54.7° with respect to the polarization vector of the synchrotron
radiation. The evaporation of the germanium sample was
performed using an inductively heated oven [13]. The sample
was heated to ~1500°C in a graphite single-hole crucible.
The 1 mm hole in the hat partially collimated vapor beam.
Pass energy of 20 eV and 500 pm slit of the electron energy
analyzer was used for the measurements and it corresponds
approximately to the 100 meV contribution to the experimental
broadening. The photon bandwidth for the chosen photon
energies and beamline settings was estimated to be about 700
meV. In order to decrease noise caused by electromagnetic
disturbances induced by the oven, measurements were vetoed
during heating pulses. The binding and kinetic energies were
calibrated with the aid of Xe 4d photoelectron lines and
N4 50,30, 3 Auger electron lines, respectively [14]. The same
lines were used for determining experimentally the analyzer
transmission function using the constant ratio between the pho-
toelectron and Auger spectral lines as discussed in Ref. [15].

The experimental spectra of both photoionization and
Auger decay transitions were measured using three photon
energies 175 eV, 185 eV, and 195 eV. The spectra are shown
in Fig. 1. The photon energies were selected to be far away
from the 3 p binding energy to avoid postcollision interaction
effect. The kinetic energy of the most intense Auger decay lines
were found at 30—40 eV, and in addition smaller structure is
seen at about 55-80 eV. In order to position the 3 p photolines
(with estimated binding energy at about 135 eV) out of the
kinetic-energy region of the 3 p and 3d Auger structures [16],
photon energies above 250 eV would be needed. However,
the need to avoid crossing the 3s ionization threshold at about
190 eV (see Ref. [17]) and the low ionization cross section
of the 3p orbital over 100 eV above the ionization threshold
prohibited the use of such high photon energies.

The three measured spectra, presented in Fig. 1, show
the two main photoelectron line structures moving above the
constant kinetic-energy Auger lines as the photon energy is
varied. The spectra are normalized to each other by the Auger
structures at 72—-80 eV kinetic energy. A narrow line structure
around 27 eV can be distinguished from the broad 3 p related
photoelectron and Auger signal. It consists of three lines at
27.2 eV, 27.5 eV, and 28.6 eV. Calculations predict the second
step Auger decay transitions from [Ar]3d34s%4 p? initial-state
to [Ar]3d°4s? final-state configuration to be at 27.1 eV and
27.6 eV kinetic energies, matching well to two of the narrow
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FIG. 1. (Color online) Experimental electron spectra of atomic
germanium measured using incident photon energies of 175 eV
(dashed green line), 185 eV (dotted blue line), and 195 eV (solid
red line).

lines. However, the exact nature of the third narrow line is not
known.

III. CALCULATIONS

The calculations for Ge 3p photoionization and Auger
transitions were carried out with the multiconfiguration
Dirac-Fock method. The atomic-state functions (ASFs) were
obtained by diagonalizing the Hamiltonian matrix in the basis
of jj-coupled antisymmetric configuration functions. The
GRASP92 [18] package was used to solve the radial wave
functions of the one-electron spin orbitals. The optimization
of the radial wave functions was performed in the average
level scheme where the orbitals were optimized by minimizing
the average energy of the ASFs. The energies and mixing
coefficient of atomic states were computed by utilizing the
RELCI component of the RATIP package [19]. Further analysis
of the states was done by changing the jj coupling to LSJ
coupling using program LSJ [20].

The theoretical 3 p photoelectron spectra of atomic germa-
nium were obtained by calculating photon energy independent
ionization probabilities using IONIS program [21]. The program
assumes a constant ratio for the photoelectron partial waves
and simply calculates relative transition probabilities. That has
been shown to be a good approximation, if the photon energy
is well above the ionization threshold [21].

According to the two-step model of the Auger process, the
number of emitted Auger electrons e, at the magic angle of
54.7° is proportional to the product of the total photoionization
cross section and the relative Auger component rate. Including
the photoionization of thermally populated initial states, the
number of the emitted Auger electrons is given by

2
27 3 i |2 Crucp My (T 5, Jp)
Pg(Jp)

neg = 0p(Jp), (1)

where the Pg(Jg) is the total decay rate and Qg(Jp)
is the |W(J;)) — |W(Jp)) ionization cross section. M’ =
(@ (Jr)ealajas JgllVI®,(Jp)) is the Coulomb matrix el-
ement. For more details about the AUGER program, see
Refs. [9,19,22,23] and references therein.
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FIG. 2. (Color online) Experimental (a) and theoretical (b)
photoelectron spectrum of atomic Ge. In the panel (a), to the right
from the vertical bar is the experimental spectrum recorded at 195 eV
photon energy and, to the left, the spectrum recorded at 175 eV
photon energy. The uppermost solid line in the panel (b) is the overall
predicted spectra. The three lines underneath, dotted (green), dashed
(red), and solid (blue), are computed individual spectra of 3Py, 3 P,
and 3 P, initial states, respectively.

IV. RESULTS AND DISCUSSION

A. 3p photoelectron spectrum of atomic Ge

The experimental 3 p photoelectron spectrum is shown in
Fig. 2(a). It was obtained from the measured spectra shown
in Fig. 1. To avoid the overlap of Auger lines the low binding-
energy side from the vertical bar is formed by subtracting the
Auger signal measured at 175 eV photon energy from the
spectrum recorded at 195 eV photon energy.

The 3 p photoelectron spectrum is dominated by two peaks
located at binding energies of 130.3 eV and 134.7 eV. In addi-
tion, two satellite structures at 142.4 eV and 146.0 eV binding
energy can be observed. The full width at half maximum of the
main lines is about 2.6 eV. Since the experimental broadening
is considerably smaller than the broadening caused by the
lifetime, the line shape of the observed peaks is approximately
given by the Lorentzian distribution. The binding energies and
intensities of the features are listed in Table I.
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TABLE I. Experimental and calculated binding energies (E})
and relative intensities observed from 3 p photoionization of atomic
Ge. The energies are given in eV and intensities in arbitrary units.

E, Intensity E, Intensity
Assignment Expt. Expt. Theory Theory
3p3p 134.65 100 132.34 100
p 132.25 95.16
'D 134.23 4.71
N 135.05 0.13
3pip 130.31 41.13 136.93 48.49
p 136.87 46.68
'D 138.59 1.79
N 139.41 0.02
Satellites
3p3p 142.35 8.44
3pip 146.03 1.18

The photoelectron spectrum observed in Fig. 2(b) was mod-
eled by single configuration [Ne]3s23p~'3d'%45%4 p*> which
gives 21 final states. The predicted lines were convoluted by
1-eV-wide Gaussian and 2.2-eV-wide Lorentzian profiles. The
calculations gave Lorentzian widths of about 3.5 eV. These
values are too high most likely due to overestimated Auger de-
cay rates to low kinetic energies. Therefore, the experimentally
observed Lorentzian width is used. The ground-state electronic
configuration of atomic germanium [Ar]3d'%4524 p? consists
of five fine-structure energy levels: 3P0,1,2, 'D,, and 'S,. The
energy separations between the ground state 3 P, and the first
two excited states 3 P; and > P, are 0.07 eV and 0.17 eV [24],
respectively. Thus these levels are considerably thermally pop-
ulated at the temperature used in the measurements. The third
and fourth excited state, ! D, and 1S, are about 0.88 eV and
2.03 eV above the ground state [24] and have already negligible
thermal population. The thermal populations for 3 Py ; » initial
states, calculated from the Boltzmann distribution, are 0.277,
0.442, and 0.281, respectively.

In the 3p ionized configuration, coupling of the 3p hole
to the two valence 4 p electrons yields 21 fine structure states.
Taking into account the population of the ground states, the
simulated Ge 3p photoelectron spectrum is shown in Fig.
2(b). The three lines underneath the overall solid black line
represent the individual spectra for the three lowest thermally
populated states. Dashed (red) line, dotted (green) line, and
solid (blue) line present the calculated spectra for * Py, 3 Py,
and 3 P, initially thermally populated states, respectively. The
transition energies and intensities are presented as vertical bars
in the figure. Comparing the prediction to the experiment we
can identify the observed two structures arising from 3p3/»
and 3p,, spin-orbit split groups of lines.

In addition to the spin-orbit interaction of the 3p hole,
the Coulomb interaction between the 4p valence electrons
plays a role in the energy-level diagram of the 3p ionized
states. Due to this, the 3p3,, and 3p;/, spin-orbit split lines
are further separated into three groups that can be described
by the intermediate LS coupling of the 4p electrons. The
groups 'S, ' D, and 3P are marked in Fig. 2(b). According
to the calculations the mean energy separation of the groups
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is roughly the same as 18y, 'D,, and 3 Py 1 initial states,
which is reasonable since the Coulomb interaction between
the 3p hole and the valence is quite small. Since 3p
photoionization cannot directly change the coupling of the
initially 3 P coupled valence electrons, the highest ionization
cross section is observed for the 3 p;14p2(3P) ; final states.
However, due to configuration interaction the calculations
predict approximately 5% probability for ionization leading to
low-spin 3pj_14p2(1D)1 and 3pj_l4p2(1S)J final ionic states
as shown in Table L.

B. Auger decay

In the present experiments the photon energies used for
excitation were chosen to show and separate three kinetic-
energy regions. The spectrum measured at photon energy of
195 eV shows Auger structures at 25-50 eV kinetic energy
without overlap of the photoline structures. The experiment
performed at 175 eV photon energy gives the photoelectron
signal including satellites below the main Auger structures
at 25-50 eV kinetic energy, thus leaving the Auger signal at
50-80 eV kinetic energy range free of overlap. In addition, the
spectrum measured at 185 eV photon energy provides Auger
and photoelectron peaks identification cross-check in the low
and high kinetic-energy tails. Figure 3(a) depicts the Auger
electron spectrum combined from experiments recorded at 175
eV (right from the vertical line) and 195 eV (left from the
vertical line) photon energies. The spectra are normalized to
each other with the aid of the Auger signal at 72—-80 eV kinetic-
energy region. To remove the rapidly growing background
towards low kinetic energies, power function approximation
was used as a background in the fitting process.

The Auger electron spectrum following the 3 p photoion-
ization [Fig. 3(a)] presents spectral structures distributed to a
more than 60-eV-wide kinetic-energy region. The most intense
structure is found at 25-40 eV kinetic-energy region. The
structure stems for Auger decay to [Ar]3d%4s%4 p? final states.
The considerably narrower lines at the left-hand shoulder
of the structure at around 27 eV kinetic energy originate
from second step Auger cascade transitions as described in
Sec. II. In addition, a structure divided to five distinct smaller
structures can be found at around 60-90 eV kinetic-energy
region. This structure is due to overlapping Auger transitions
to the [Ar]3d%4s4 p2 and [Ar]3d°%4s%4 p configurations.

The simulated 3p Auger spectrum is shown in Fig. 3(b).
The predicted energy ranges and intensities of the spectrum
are summarized in Table II together with the experimental
values. As a general trend, the shape of the overall prediction

TABLE II. Experimental and calculated mean kinetic energies
of 3p Auger decay lines of atomic Ge. The energies are given in eV
and intensities in arbitrary units.

Region Intensity Region Intensity
Assignment Theory Theory Expt. Expt.
3d%4s24p? 21.0-54.6 100.0 20.0-54.0 100.0
3d°4s%4p 68.4-89.8 12.4 70.9-90.0 314
3d%4s4p* 56.3-83.1 10.2 54.9-70.9 275
3d%4p? 47.3-65.5 0.4
3d'°(4s2,4p?)  76.4-109.7 6.0
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FIG. 3. (Color online) Experimental (a) and theoretical (b)
electron spectra of the Auger decay following 3p photoionization
in atomic germanium. In panel (a) to the right from the vertical
bar is the experiment recorded at 175 eV photon energy and, to the
left, is the spectrum recorded at 195 eV photon energy. In panel
(b) the uppermost black solid line is the overall spectrum. The (red)
dash-dotted depict the contribution for Auger decay to 3d®4s24p?
configuration, (blue) dotted line for 3d°4s4p>, and (green) dashed
line 3d°4s>4p final-state configuration. In addition, position of the
3d°4p? final electronic state is shown in the figure.

(solid black line) provides qualitative correspondence to the
measurement. The final electronic configurations used in the
calculations are [Ar]3d84s24p2, [Ar]3d9(4s24p,4s4p2,4p3),
and [Ar]3d'°(4s?, 4p?). The calculations predicted small
Auger decay amplitudes to [Ar]3d'%(4s%, 4p?) final states
at around 77-109 eV kinetic energy. However, no clear
structures were seen in the kinetic-energy region at 90-109 eV
in the experiment, where they should be visible without
overlap with [Ar]3d°4s24p structures. Auger decay leading
to [Ar]3d%4s?4p? final-state configuration is predicted to
appear at 25-50 eV kinetic-energy region (red dash-dotted
line), explaining the most intense double-peak-like structure
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with shoulderlike structure on its high kinetic-energy side.
This decay channel gives about 80% of the total contribution
to the total Auger decay rate, which is in agreement with
the experiment. Due to heavy overlapping and wide natural
linewidth it is impossible to assign any of the observed Auger
peaks to single transitions. What can be said is that the highest
Auger electron peak at about 30 eV kinetic energy can be
assigned to arise from Auger decays of 33/, initial states,
whereas already the second highest peak at about 35 eV
kinetic energy is a sum of transitions from both 3p3,, and
3p1,2 initial-hole states to several Auger final states.

Calculated lines related to Auger decays leading to
[Ar]3d94524p and [Ar]3dg4s4p2 final-state configurations
are predicted to be found at 59-87 eV kinetic energy. The
kinetic-energy region is well predicted as well as the number
of the resolved structures. We may state that the two structures
at around 61 eV and 66 eV center energies relate to Auger
decays to [Ar]3d°4s4p? final electronic state configuration,
while the high kinetic-energy features at center energies
of 74 eV and 78 eV arise from decays to [Ar]3d°4s%4p
final-state configuration. In addition, lines related to Auger
decay to [Ar]3d°4p? final-state configuration are predicted to
be found at around 55 eV kinetic energy, possibly explaining
the structure at about 50 eV kinetic energy. However, as
the predicted intensity for this structure is very small and
the photoelectron spectrum provided an overlapping satellite
structure complicating the subtraction process, unambiguous
assignment cannot be given.

V. CONCLUSIONS

In present work the 3 p photoionization and the subsequent
Auger decay of atomic germanium for initially neutral atoms
have been studied experimentally and theoretically. The
experimental spectra were analyzed using multiconfiguration
Dirac-Fock calculations that provided fairly good agreement
with the experiment. The binding energies of the 3 p orbital and
kinetic energies of the Auger decay following 3 p ionization
were provided together with analysis of the observed spectral
features. The 3p photoionization is noted to reflect weak
coupling of the valence shell electrons to the inner shell hole.
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