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Double-electron excitation channels at the I edges of atomic Hg
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X-ray-absorption measurements at the L3, L2, and Lz edges of Hg vapor have been performed us-
ing synchrotron radiation. The onset of multielectron excitation channels involving 2p (or 2s) and 4f
electrons has been revealed. The experimental onset energies are compared with self-consistent-field
Dirac-Fock (SCF-DF) calculations and Z+1 estimates, which, in this speci6c case, were inaccu-
rate. The importance of these features in x-ray-absorption fine-structure structural data analysis
for sixth-period elements is addressed, and the SCF-DF onset energies, covering the elements Hf—Rn,
are presented.

PACS number(s): 32.30.Rj, 78.70.Dm

There is a wide recent interest towards accurate mea-
surements of x-ray-absorption cross sections of elements
or simple molecules related to the presence of observ-
able multielectron efFects [1—5]. The failure of the sirn-

ple one-electron picture in describing the photon absorp-
tion phenomenon is often seen directly as the appearance
of additional resonance peaks or shake-up and shake-ofI'
channel onsets in the spectra which cannot be associated
with the excitation of a single electron. This topic is
of fundamental interest in the fields of atomic, chemical,
and condensed-matter physics. A general introduction
can be found in a recent paper by Schaphorst et al. [1],
devoted to the theoretical interpretation of the K-edge
spectrum of Kr. A particularly important applied aspect
of this research field consists in the identification of reli-
able "atomic background" models, in order to correctly
isolate the structural oscillation occurring in condensed
phases or molecular aggregates, usually referred to as x-
ray-absorption fine structure (XAFS). These efFects have
been discussed, for instance, in some details at the Br K
edge of HBr and Br2 [2].

Besides noble gases, very few elements can be studied
as isolated atoms, thus providing absorption cross sec-
tions freed from the XAFS. In this respect the case of Hg,
the subject of the present research, is particularly inter-
esting: it is a heavy element (Z = 80) where relativistic
effects become dominant, its ground-state electronic con-
figuration is closed shell [Xe]4f 5di 6s, there is a com-
pletely filled shell of f electrons, and clearly it represents
a prototype for several sixth-period metals often stud-
ied by x-ray-absorption spectroscopy. Previous measure-
ments of vapor Hg were performed by Keski-Rahkonen et
al. [6], but only related to a limited energy range around
the edge. From the experimental point of view Hg can
be easily vaporized with a reasonable x-ray-absorption
thickness, which allows for detection in absorption mode
with good signal-to-noise ratios. Hg vapor is composed
of isolated atoms providing thereby absorption spectra
lacking any XAFS signal. This is a very important re-

quirement if low-contrast features have to be unambigu-
ously assigned. The purpose of this communication is to
present atomic x-ray-absorption spectra of Hg, to identify
multielectron excitation effects, and to provide a reliable
atomic background model for structural studies at the
Hg L edges and, by analogy, also at the corresponding
edges of neighboring elements.

X-ray-absorption spectra at the Hg I3, I2, and
Lq atomic absorption edges have been measured at
the LURE laboratories (Orsay-Paris), during dedicated
beam time on the D42-EXAFS 1 beam line equipped with
a Si(331) channel-cut monochromator. The Hg vapors
container was a 80 cm long cylindrical glass cell end-
ing with Teflon windows sealed with vyton 0-rings. The
cell was evacuated and heated to 200 C. Hg vapors from
the vapor pressure of a liquid Hg droplet were injected
through a side pipe until the Hg density in the cell was
about 4.4(4) x10 g/cms, yielding a reasonable absorp-
tance. The side pipe was disconnected and the tempera-
ture raised to 240 C to avoid possible condensation on
the windows. Checks were performed to ensure the sta-
bility of the sample which successively has been measured
for a total of four hours at the various edges.

The absorption spectra have been corrected for the ab-
sorption of the Teflon windows which is a smooth func-
tion of the energy and are reported in absolute scale in
Fig. 1 for the L3 edge and Fig. 2 for the L2 and Lq, re-
spectively, as a function of the energy above threshold
(Et). The ordinate scale is the cross section in cm /g,
which may be in absolute error up to about 10%. The
shape of the spectra is however extremely reliable with
signal-to-noise ratios of about 2000, 900, and 400 for the
three edges, respectively.

An accurate explanation of the atomic absorption
cross-section profile in the edge region, in terms of one-
electron transitions to discrete and continuum states, has
been already given [6]. In the threshold region we sim-
ulated the L3 and L2 edges with an arctangent function
convoluted with a Gaussian function representing the ex-
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FIG. 1. L3 edge of atomic Hg as a function of the energy
above threshold E~. The lower curve represents the same
spectrum magni6ed in ordinate by a factor of 6 on the same
energy scale. The slope change due to the opening of dou-
ble-electron excitation channels is evident (arrow).
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perimental resolution (o = 1.6 eV reasonable for the 1.5
mm vertical slit used). At the Lq edge the transition to
the 6p discrete level generates an observable resonance
peak that can be simulated with an additional Lorentzian
peak (convoluted with the Gaussian function). The
core-hole width I (half width at half maximum) which
optimized the agreement between model and experi-
ment resulted, I'(Ls) =2.8(3) eV, I'(L2) =3.1(3) eV,
I'(Lz) =5.4(5) eV, which compare nicely with semiem-
pirical evaluations [7] and previous experimental values
[6]. The energy position of the inflection point of the
arctangent function fitting the edges has been taken as
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origin for the energy scales E&.
Besides these atomic features, the cross section is ex-

pected to decay smoothly as a function of the energy
after each edge. On the contrary in our spectra some ev-
ident slope changes can be noticed (arrows in Figs. 1 and
2). In order to highlight these anomalies, we subtracted
from the raw absorption data the average linear decay
interpolated in the range Et E [20, 420] eV. The result-
ing deviations Ao. are plotted in Fig. 3 on a similar scale
as a function of Eq, for the L3, L2, and I q edges. The
ordinate scales are normalized to the absorptance discon-
tinuity at each edge. This presentation makes the data
directly comparable and guarantees a coherent extraction
of the linear background among the three edges. The ex-
perimental spectra of the L3 and L2 edges reported in
Fig. 3 show unambiguously the presence of an abrupt
slope change around 135(5) eV, which amounts to 2.0(2)
x10 eV, with basically identical characteristics for
the two spectra, while a hump is evident at exactly the
same energy in the L~ spectrum. It is not surprising
that the 13 and L2 edges are very alike while the Lq is
different due to diferent symmetries of the channels.

It is natural to try to assign such features to double-
electron excitation channels. The expected intensity of
the channels can hardly be estimated in advance; never-
theless, some reasonable guesses can be guided looking
at the number of electrons and difference in the principal
quantum numbers (n) involved in the shake-up transi-
tion. In this way the shake-up of one of the 14 4f elec-
trons to the 5f level is expected to provide the most in-
tense eKect, while in comparison the shake-up and shake-
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FIG. 2. Lq edge (upper panel) and Lq edge (lower panel)
of atomic Hg. E& is the energy above threshold.
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FIG. 3. Deviations from the average linear decay interpo-
lated in the range Ez E[20-420] eV for the L3, I2, and Lq
edges. Data have been normalized to the corresponding val-
ues of the absorptance discontinuity at the main edge. Dashed
vertical lines A, B, and C, are drawn in correspondence with
ADp energies for multiple excitation edges.
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TABLE I. Values of the onset energies for the Hg L3
double excitation edges, according to Aop calculations (sec-
ond column) and the Z + 1 model (third column).

Confj. guration
[2*]

[2 * 5ds/3]6ds/3
[2 * 5d3/3]6d3/3
[2 * 5p3/, ]6p3/3
[2 * 5pi/3]6pi/3

[2 * 5s]7s
[2 + 4f7/2]5f7/2
[2 + 4fs/3]5fs/2
[2 * 4ds/&]6ds/3
[2 * 4d3/3]6d3/3

[2 * 4f7/2](5f~/3)"
[2 + 4fs/2] (5f./&)"

[2s4f7/3]5 f7/&6p3/3'
[2s4fs/3] 5fs/&6p3/3'

Aop (eV)
0.0
23.4
25.6
72.4
90.7
137.4
132.3
137.2
382.4
403.1
286.3
296.6
122.2
126.9

Z+1 (eV)
0.0
12.5
14.7
73.5
94.6
136
117

122.2
385.0
405.7
255
283

Figure 3
label

Three-electron excitation edge.
Values obtained adding up the corresponding (Z+1) and

(Z+2) onset energies.
'Double-electron discrete resonance in the L~ case.

off channels of one of the 10 4d, 10 5d, 6 5p or, ultimately,
the 2 58 electron to the respective available 6d, 6d, 6p,
and 78 levels should be weaker. In order to unambigu-
ously assign the experimental features to the onsets of
double-electron excitation channels, we performed self-
consistent-field Dirac-Fock (SCF-DF) relativistic calcu-
lations for several atomic configurations of the Hg atom
by using the Desclaux code [8]. The configurations exam-
ined are reported in Table I and indicated with the holes
or extra electrons with respect to the ground-state Hg
configuration. The onset energy for shake-up channels
with respect to the corresponding continuum threshold
is calculated using differences of total energies of singly
ionized ato. mic configurations (ADF); for instance the
4f ~ 5f shake-up energy at the Ls edge is calculated
as EDp = E([2ps/24f]5f) —E([2ps/2]). The results are
found identical (within 0.2 eV) for the various L edges;
as a consequence we used in Table I the symbol [2w] to
indicate either of the 2p3y2, 2pzy2, or 28&~2 holes. Some
of these energies are reported in Fig. 3 as vertical dashed
lines at the corresponding abscissa. The less accurate
estimations by using the Z+I approximation [3,5] are
reported in the third column.

Looking at Fig. 3 it is clear that the slope change at
the L3 and L2 edges and the hump at the Lq edge co-
incide in energy with the onset of the shake-up channel
associated with 4f electrons (dashed line B). The strin-
gent energy agreement, the evident similarity of the L3
and L2 experimental abrupt slope changes at that energy,
and, especially for the L3 case, the high quality of the
spectra, allow undoubtedly the assignment of the above
feature to the double excitation edge involving one 2p (or
2s) and one 4f electron. We claim that this is the first
identification of a double excitation channel in the Hg
atomic absorption cross section. The present investiga-
tion confirms earlier results [4] where an unusual analysis
of the Pb L3 edge of Pb02 has shown similar features at-
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FIG. 4. Difference of total energy SCF-DF calculations
for the configurations E([2p3/34 fq/3]5 f7/3) —E([2p3/3]) lower
points and E([2p3/&4 f3/3]5 f3/3) —E([2p3/3]) upper points as
a function of the atomic number Z. The energies provide
an estimate of the energy position of the slope change in the
absorptance of L edges of sixth-period elements.

tributed to the simultaneous excitation of one 2p and one
4f electron, assigned on the basis of the Z + 1 approxi-
mation. We remark that in our study the absence of any
structural signal associated with bonding atoms makes
any observation extremely reliable.

The experimental shape of the [2p4f] double-electron
excitation channel is essentially a slope change starting
from the expected lowest shake-up channel energy, sug-
gesting that the shake-off channels contribution becomes
eventually dominant. In fact, while the intensity of a sin-
gle shake-up channel saturates, that of shake-off increases
approximately linearly with the energy. This was clearly
shown by calculations on atomic Kr [1],but qualitatively
similar trends are expected here as well. We point out
that the contribution to the atomic cross section of the
above features, herein experimentally exhibited in vapor
Hg, has been already taken into account in a previous
work to model with accuracy and reliability the atomic
background of the Ls liquid-Hg spectrum [9]. In that
study particularly interesting structural information, in-
volving triplets of Hg neighboring atoms, were obtained.

Two other weak features have been tentatively as-
signed to different multielectron excitation channels ac-
cording to labels A and C in Fig. 3 and Table I. In partic-
ular weak but reproducible anomalies in the slope of the
three spectra (line C in Fig. 3) can be identified about 300
eV above threshold, in excellent agreement with the ex-
pected onset of a three-electron excitation channel where
two 4f electrons perform a shake-up to the 5f level (see
Table I). The rise (C) of the absorptance above threshold
should be mainly due to shake-off processes whose tran-
sition probability is enhanced by the wider phase space
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available. It should be noted that while the [2w 4f] chan-
nels have been unambiguously assigned and identified,
the certain identification of the other weaker features will
require further investigations.

Clearly, the [2p4f] channel onset is not expected to
be unique of the Hg atom, but should be present with
similar characteristics at L edges of other sixth-period
atoms. This list includes many important elements such
as Re, Os, Ir, Pt, Au, Pb, and Bi, which have been the
subject of several structural studies. The extraction of
the XAFS signal should account correctly for the slope
change in the atomic background which occurs at differ-
ent energies above the main edges for different elements.
A theoretical estimate of the 4f ~ 5f shake-up channel
onset energy can be helpful in this analysis and for this
reason we report in Fig. 4 a list of values calculated in
the ADF approximation for the free atom as a function of
the atomic number for elements in the range Z = 72—86.

The results obtained in the present investigation are of
general importance in the fields of atomic and condensed-
matter physics. An x-ray-absorption experiment has
been performed on an isolated sixth-row atom, where rel-
ativistic effects are important, to identify possible mul-
tielectron excitation effects. The study has undoubtedly

shown the onset of the simultaneous excitation of a 2p
(or 2s) and a 4f electron about 135 eV above each of
the Hg L edges. The shape of the experimental spec-
trum suggests that both shake-up and shake-off chan-
nels, which eventually dominate, contribute to the ab-
sorptance. Other small features, including a possible
triple-electron excitation channel, have been tentatively
assigned, stimulating further experimental and theoret-
ical investigations. These identifications are among the
few performed with certainty on elements different from
noble gases. This was achieved because the isolated atom
could be studied in the vapor phase. The present inves-
tigation also stimulates theoretical work attempting to
reproduce the cross-section shapes and intensities, in ad-
dition to channel-onset energies. A second reason for
keen applied interest lies in the fact that double-electron
edges appear to significantly alter the atomic background
in heavy elements as well, and in particular the shake
channels involving 4f electrons are expected to produce
relevant features in many sixth-period atoms.
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