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Photoionization of palladium including relaxation effects
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Total and partial photoionization cross sections, branching ratios, and angular-distribution asym-
metry parameters for the 4d, 4p, 4s, and 3d subshells of palladium have been calculated using the relativ-
istic random-phase approximation and the relativistic random-phase approximation modified to include
relaxation effects. Comparisons are made between results that include relaxation effects and those that
do not. Minor relaxation effects are noted for the 4d and 3d photoionization parameters. However, sub-
stantial relaxation effects are noted for both the 4p and 4s subshells. Large relaxation effects are ob-
served in the 4p partial cross section and branching ratio. Also observed is the appearance of a Cooper
minimum in the 4s photoionization cross section and a corresponding change in the 4s angular-
distribution asymmetry parameter.

PACS number(s): 32.80.Fb, 32.80.Hd

I. INTRODUCTION II. METHODS

The study of photoionization of inner shells of many
elements has led to an increased understanding of a num-
ber of many-body phenomena including relaxation and
polarization effects, the Auger effect, photoionization-
with-excitation, and multiple photoionization. The im-
portance of relaxation has long been established in the
photoionization of 3d and 4d subshells of elements xenon
(Z =54) through the lanthanides. Previous studies em-
ploying the relativistic random-phase approximation
modified to include relaxation effects (RRPAR) of the
alkaline-earth-metal atoms group-IIA atoms [1], group-
IIB atoms [2], and Yb (Z =70) [3], have investigated the
effects of relaxation in many closed-shell systems. Photo-
ionization cross sections from nd subshells (especially the
4d subshells) were shown to be significantly infiuenced by
the relaxation effects, and the 4f cross section of mercury
was brought into good agreement with experiment when
relaxation effects were included [2].

Paladium (Z =46) is the only atom with a valence 4d
subshell. Previous photoionization studies of palladium
have been carried out by Amusia and Cherepkov using
the random-phase approximation with exchange (RPAE)
[4] and by Radojevic and Johnson [5], followed by
Shanthi and Deshmukh [6], using the relativistic
random-phase approximation (RRPA). Little experimen-
tal data on photoionization of palladium has been report-
ed. Several members of the Rydberg series and members
of the autoionizing [4d ( D3i2 ~zz)np and nf] levels have
been studied by Karamatskos et al. [7] and Baig [8).
Spectroscopic data for some excited bound states was ob-
tained by Moore [9].

In this paper, we report on the effects of core relaxa-
tion on the photoionization of 4d, 4p, 4s, and 3d electrons
of palladium. In Sec. II, we briefly review the methods of
the RRPAR. The results for the 4d, 4p, 4s, and 3d sub-
shells are reported in Sec. III. Section IV is a brief dis-
cussion of some of the implications of the work.

Detailed discussions of both the RRPA [10] and the
RRPAR [11]methods can be found elsewhere. Here, we
point out that in the RRPA, the partial photoionization
cross section for a given subshell is given by

d cr „„cr„„(co )
[1—

—,'P„„(co)P2(cos(e))], (2)

where m is the photon energy and 0 is the angle measured
between the directions of the incident photon and the
photoelectron. When a subshell is split by spin-orbit
splitting into two different levels a and x, it is conven-
tional to use the weighted average given by
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(3)

The RRPAR method approximates the effects of core
relaxation by calculating the continuum photoelectron
orbitals in the potential of the relaxed ion. The ionic core
with the hole in the level with j =I+—,

' has a lower ion-
ization threshold energy and also represents the most
populated of the two levels. Thus, we generally consider
the hole to be in the subshell with largest j for the pur-
pose of obtaining the V ' potential. Overlap integrals
of the form ii,. (P,'~P;) ' between orbitals of the unre-

3

where n is the principal quantum number and
lc=+(j+1/2) for j=I+—,', where j and l are the single-
electron total and orbital angular-momentum quantum
numbers, respectively. The dipole matrix element D„
is the reduced RRPA dipole matrix element for the pho-
toionization channel nj~j'.

The angular-distribution asymmetry parameter p„„for
the subshell n~ is defined in terms of the differential pho-
toionization cross section as
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laxed ground state P; and the corresponding orbitals of
the final relaxed state P,' are included in the RRPAR di-

pole matrix element for each subshell i of the ion with oc-
cupation number q;. Inclusion of these overlap integrals
is important for calculations of partial photoionization
cross sections since they approximately remove oscillator
strength due to double-excitation processes from the
single-excitation channel oscillator strength [12]. It
should be noted that overlap integrals between orbitals of
the ground state and the continuum orbitals of the final
state have not been included. Thus, oscillator strength
due to Auger processes has not been removed from the
mainline partial cross sections.

Photoionization thresholds in the strict RRPA model
are the Dirac-Hartree-Fock (DHF} eigenvalues [10].
However, experimental thresholds are frequently utilized.
Here, we have used DHF threshold energies for RRPA
calculations. In the RRPAR, we have used experimental
ionization energies [9] for the calculations involving re-
laxation of the 4d hole. For calculations of other chan-
nels including relaxation, the difference in the total rela-
tivistic self-consistent energies of the neutral atom and
the ion (so-called bEsz„energies} were used. The DHF
and AEscz energies used in these calculations were ob-
tained using the Oxford multiconfiguration Dirac-Fock
computer code of Grant et al. [13]. Table I contains
DHF, bEsc&, and experimental threshold energies ob-
tained using photoelectron spectroscopy for all the chan-
nels incorporated in the present study.

The RRPA theory predicts results that are gauge in-

dependent provided that one has included all possible
dipole-excited channels [10]. In practice, where one lim-

its the number of channels (the truncated RRPA}, there
will be differences between the "length-" and "velocity-"
gauge results. Also, the inclusion of relaxation effects in
the RRPAR potential leads to differences in calculations
performed in the two gauges. In this paper, the
geometric means of length and velocity cross sections are

Shell

4d
4d
4p
4p
4s
3d
3d
3p
3p
3$

5/2
3/2
3/2
1/2
1/2
5/2
3/2
3/2
1/2
1/2

DHF

0.3198
0.3405
2.347
2.520
3.842

13.11
13.32
20.43
21.49
25.54

Thresholds

~&sc~

0.2305
0.2464
2.185
2.348
3.646

12.49
12.70
19.85
20.90
24.96

Expt.

0.3063
0.3225

TABLE I. Photoionization thresholds in a.u. for subshells of
atomic palladium included in the present calculations. The
third column lists the absolute values of single-particle eigenval-

ues from DHF calculations. The fourth column lists the
differences of self-consistent DHF calculations for the ground
states and ionic states. The experimental values are from Ref.
[9l.

generally shown for the RRPA where they are nearly in-
distinguishable. For RRPAR results, we show both
length and velocity separately.

The jj-coupled channels included in the RRPA and
RRPAR calculations were as follows:

4~5/2~&f7/2 +fs/2&cps/2

~3 /2 ~&fs /2 & +p 3 /2 & ep I /2

4p 3/2 +~ s/2 & +~3/2 & +s 1/2

4p|/z ~ed3/2&6$|/z

4$1/2 Ep 3/21 Ep 1/2

for channels originating from the n =4 she11. For the 3d
channels, we used

3~5/2 +f1/2&~&s/2 ~ps/2 &

3~3/2 ~&fs/2&&p3/2 &+pl /2

3p 3/2 ~~ 5/2 &
e~ 3/2 &

es 1/2

3p&/2~a/3/2&ES i/p

1/2 p 3/2 s p 1/2

III. RESULTS

Numerous theoretical studies involving cadmium
(Z =48) [2], negative iodine (Z =53} [14], xenon
(Z=54) [15], cesium (Z =55} [16], barium (Z =56)
[11],and lanthanum [17]have shown that relaxation and
polarization are important many-body effects in photo-
ionization from the 4d subshell in those systems. Since
palladium is the only element with an outer 4d subshell,

it is of interest to see what correlation effects are impor-
tant there. The partial 4d photoionization cross sections
above threshold are shown in Fig. 1(a) for the RPAE [4],
RRPA, and RRPAR approximations. The RRPA result
shown here is the geometric mean of length and velocity
and is consistent with that reported previously by
Shanthi and Deshmukh [6]. The RRPAR calculation is
not gauge independent, thus, both length and velocity re-
sults are shown individually. The RRPA and RRPAR
cross sections are not reported below the 4p thresholds
where autoionization resonances complicate the compu-
tational procedure.

It is apparent from Fig. 1(a) that the effects of relaxa-
tion are not large for the valence shell photoionization of
palladium. The peak of the cross section has been some-
what reduced and some of the oscillator strength has
been displaced to energies above the 4p threshold, but the
differences are not large. Evidently strong rearrangement
effects depend on the presence of an outer subshell of
spectator electrons whose orbitals will be significantly al-
tered by the absence of an innershell electron. Neither
the angular-distribution asymmetry parameter nor the
branching ratio shown in Figs. 1(b) and 1(c) are strongly
affected by the inclusion of relaxation either. In Fig. 1(d),
we show the partitioning of the total cross section into
partial 4d5/2 4' 3/2 and 4p cross sections. The inclusion
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FIG. l.. Photoionizatson parameters for the
~ ~ ~

4d subshell of palladium. (a) Partial photoion-
ization cross sections with the geometric mean
of RRPA represented by the solid line and the
RRPAR length and velocity calculations
represented by the dashed and dotted lines, re-
spectively. RPAE cross sections [4] are
represented by the chain line. (b) Calculations
of the angular-distribution asymmetry parame-
ter P4d are shown for the RRPA length (solid
line), RRPAR length (dashed line), and
RRPAR velocity (dotted line). (c) Calcula-
tions of the branching ratio y are shown for
the geometric mean of RRPA (solid line),
RRPAR length (dashed line), and RRPAR ve-

locity (dotted line). The statistical ratio is also
plotted (horizontal solid line). (d) P
of total cross section in RRPAR. Total cross
section (solid line), the partial 4d5/2 cross sec-
tion (dashed line), the partial 4d3/2 cross sec-
tion (dotted line), and the sum of 4p and 4s
partial cross sections (chain line). Geometric
means of length and velocity results have been
taken. DHF thresholds used in the RRPA and
experimental (Exp) thresholds [9] used in the
RRPAR are shown with their subshells.
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It can also beso be noted that comparison with the RPAE [4,
aey o.

that relativistic effects included in the RRPA reduce the
cross section beyond the peak.

The penultimate 4p subshell photoionization cross sec-
tion is shown in Fig. 2(a) and shows a very strong depen-
dence on core relaxation. The unrelaxed RRPA result
has the characteristic shape to be found for photoioniza-
tion rom inner p levels of many atoms. The RRPAR
suit howevowever, is considerably lower near threshold. The
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FIG. 2. Photoionization parameters for the
4p subshell of palladium. (a) Partial photoion-
ization cross sections with the geometric mean

RRPAR length and velocity calculations
represented by the dashed and dotted lines, re-
spectively. (b) Calculations of the angular-
distribution asymmetry parameter P~~ are
shown for the RRPA length (solid line),
RRPAR length (dashed line), and RRPAR ve-

locity (dotted line). (c) Calculations of the
branching ratio y are shown for the geometric

(dash
mean of RRPA (solid line) RRPAR 1

as ed line), and RRPAR velocity (dotted
ine). The statistical ratio is also plotted (hor-

izontal solid line). {d) Partitioning of total
cross section in RRPAR. Total cross section
(solid line), the partial 4d cross section {dashed
line), the partial 4p3/2 cross section (dotted
line, the partial 4p, /& {dot-dashed line) d, an

e 4s partial cross sections (double-dot-dashed
line). Geometric means of length and velocity
results have been taken. DHF thresholds used
in the RRPA and difference between DHF en-

old
ergy of neutral atom and ion (ASCF) th h-res-
o s used in the RRPAR are shown with their
subshells.
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result including relaxation shows a peak in the cross sec-
tion just above threshold, which is only 44%%uo of the
RRPA cross section at 2.6 a.u. Part of this reduction in
oscillator strength (approximately 9%%uo) is due to the in-
clusion of overlap integrals between relaxed orbitals of
the final state and unrelaxed orbitals of the initial state.
The remainder of the reduction in cross section is due to
changes in the photoelectron potential due to relaxation
effects. Here cross sections are also shown for a region
between the 4p3/2 and 4p & &2 thresholds.

The angular-distribution asymmetry parameter for the
4p subshell, P4~, is shown in Fig. 2(b). There are few
differences to be noted between the RRPA and RRPAR
calculations. Other workers [6] have previously reported
results of an RRPA calculation that are in disagreement
with the present results. Whereas the present calculation
varies between the values of zero and the upper theoreti-
cal limit of 2.0, the previously reported work [6] varies
from approximately 1.4 to 2.4.

Considerable differences may be noted between the
RRPAR and the RRPA calculations for the
y=o(4p3/2)/a(4p, /2) branching ratio shown in Fig.
2(c). The initial deviations of y from the statistical ratio
are caused by the spin-orbit splitting of the 4p3/p and

4p&&2 thresholds. Since the RRPA partial cross sections
are initially decreasing toward a Cooper minimum, y be-
gins well below the statistical ratio of two. The RRPAR
partial cross sections initially increase to a maximum
above the thresholds leading to a value for y greater than
two. The RRPAR branching ratio then decreases to a
value below two until the Cooper minimum is reached.
In Fig. 2(d), we show the total cross section and the vari-
ous single-excitation partial cross sections in the region
above the 4p thresholds in the RRPAR.

The 4s partial photoionization cross section shown in
Fig. 3(a) reveals interesting differences between the calcu-
lation including relaxation (RRPAR) and that which
does not (RRPA). Immediately above threshold, the
RRPAR cross section initially exhibits a minimum. This
minimum is not predicted by the RRPA calculations,

however, the RRPA results suggest that a Cooper
minimum may reside in the discrete region below thresh-
old [6]. Inclusion of overlap integrals in the RRPAR cal-
culation reduces the 4s partial cross section by approxi-
mately 10.6%%uo. Both the RRPA and RRPAR calcula-
tions of the angular-distribution asymmetry parameter,
P4„[Fig. 3(b)] show large departures from the nonrela-
tivistic value of 2.0 just above threshold. The magnitude
of the departure is considerably less for the RRPAR than
for the RRPA calculations.

Partial photoionization cross sections from the 31 sub-
shell in both the RRPA and RRPAR are shown in Fig.
4(a). Note that the channels coupled in this calculation
are different for the 31 subshell than for the outer sub-
shells (see Sec. II). Although the RRPAR calculation
yields a slightly broader peak than the RRPA result,
most of the reduction is due to the inclusion of overlap
integrals. The overlap integrals amount to approximately
a 17% reduction in the 31 partial cross section. The
angular-distribution asymmetry parameters, P3d, for the
31 subshell are shown in Fig. 4(b). The effect of including
relaxation is to lower and broaden the peak in the P pa-
rameter.

The branching ratios, y =o (31s/2) «(313n )

shown in Fig. 4(c). Spin-orbit splitting of the 31 thresh-
olds leads to deviations of the branching ratio from the
statistical ratio of 3:2. Since the RRPAR partial cross
sections have a reduced slope just above threshold rela-
tive to the RRPA, the RRPAR branching ratio does not
reach as large a value as the RRPA.

The total photoionization cross section is shown in Fig.
4(d) along with the 315/z, 313/2 and sum of all other
single-excitation n =3 and n =4 partial cross sections as
calculated in the RRPAR. The contributions due to 31,
3p, and 3s subshells are from an RRPAR calculation,
which coupled all of the n =3 subshells. The contribu-
tions from n =4 channels were obtained from an
RRPAR calculation coupling photoionization channels
from n =4 shell and the 31 subshell. This assumes that
couplings between 3s and 3p channels with n =4 shell
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FIG. 3. Photoionization parameters for 4s subshell of palladium. (a) Partial photoionization cross sections with the geometric
mean of RRPA represented by the solid line and the RRPAR length and velocity calculations represented by the dashed and dotted
lines, respectively. DHF thresholds used in the RRPA and difference between DHF energy of neutral atom and ion (6 SCF) thresh-
olds used in the RRPAR are indicated. (b) Calculations of the angular-distribution asymmetry parameter P4, are shown for the
RRPA length (solid line), RRPAR length (dashed line), and RRPAR velocity (dotted line).
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FIG. 4. Photoionization parameters for the
3d subshell of palladium. (a) Partial photoion-
ization cross sections with the geometric mean
of RRPA represented by the solid line and the
RRPAR length and velocity calculations
represented by the dashed and dotted lines, re-
spectively. (b) Calculations of the angular-
distribution asymmetry parameter P,d are
shown for the RRPA length (solid line),
RRPAR length (dashed line), and RRPAR ve-

locity (dotted line). (c) Calculations of the
branching ratio y are shown for the geometric
mean of RRPA (solid line), RRPAR length
(dashed line), and RRPAR velocity (dotted
line) ~ The statistical ratio is also plotted (hor-
izontal solid line). (d) Partitioning of total
cross section in RRPAR. Total cross section
(solid line), the partial 3d5&2 cross section
(dashed line), the partial 3d3/2 cross section

(dotted line), and the sum of the single-

excitation channels from 4d, 4p, 4s, 3p, and 3s
subshells (double-dot-dashed line). Geometric
means of length and velocity results have been
taken. DHF thresholds and difference between
DHF energy of neutral atom and ion (5 SCF)
thresholds used in the RRPAR are shown with

their subshells.
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populous 4d valence subshell, which leads to a
modification of the photoelectron potential. The photo-
ionization cross section for the 31 subshell peaks at ener-
gies well above threshold, so that the photoelectrons are
not in the vicinity of the atom long enough to be strongly
affected by many-body effects in the potential. Experi-
mental verification of these results is greatly needed.

The results presented in this paper have not included
the effects of core polarization. The importance of such
effects on photoionization has been demonstrated in xe-
non [18] and barium [18,19]. It would be interesting to
investigate how polarization alters the palladium cross
sections.

channels are small and was done to reduce the already
heavy demands on compute resources necessary to carry
out the calculations.

IV. CONCLUSION

The calculations presented in this paper have evaluated
the effects of core relaxation on the photoionization pa-
rameters for various subshells of the palladium atom.
Whereas studies of other atomic systems have shown that
relaxation effects are often substantial for inner subshells
with large angular momentum, this study finds minor
rearrangement effects for the 4d and 3d channels and
large effects for the 4p and 4s inner subshell channels.
This should not be surprising. The 4d subshell, being the
valence subshell, will not undergo a great deal of rear-
rangement when one of its own members is removed,
since there was only partial screening in the neutral atom.
The 4p and 4s electrons, being interior, cause a more rad-
ical rearrangement of the somewhat loosely bound and
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