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Direct Observation of Double-Core-Hole Shake-Up States in Photoemission
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Direct measurements of Ar* 1s~'2p~'nl double-core-hole shake-up states are reported using conven-
tional single-channel photoemission, offering a new and relatively easy means to study such species. The
high-quality results yield accurate energies and lifetimes of the double-core-hole states. Their photoemission
spectrum also can be likened to 1s absorption of an exotic argon ion with a 2p core vacancy, providing new
information about the spectroscopy of both this unusual ionic state as well as the neutral atom.
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In recent years, studies of double-core-hole (DCH) states
in molecules have attracted much attention [1-8]. This
interest stems in part because the large chemical shifts in
DCH states may be combined with the smaller, but well-
known, electron spectroscopy for chemical analysis
(ESCA) [9] chemical shifts, derived from single-core
photoemission, to differentiate the effects of relaxation
from the influence of the chemical environment in a
molecule [10]. However, to date, observations of DCH
states have often required heroic experimental efforts.
Indeed, the most recent experiments either resorted to
complex multielectron coincidence techniques using syn-
chrotron radiation (SR) [1-5] or they involved complicated
multiphoton absorption processes using an x-ray free-
electron laser [6,7].

It is the purpose of this work to demonstrate, using argon
as a prototype, that DCH states may be studied readily via
standard single-channel photoelectron spectroscopy using
SR. Consider photoemission leading to the Ar* 1s™'2p~'np
(n > 4) states. These are single-ion states, so only one
photoelectron is emitted, producing what can be described
as a core shake-up (satellite) state: ls photoionization
accompanied by shakeup of a core 2p electron to the np
Rydberg orbital. If an entire Rydberg series can be measured,
double-core ionization thresholds can be determined accu-
rately. Furthermore, if the 1s and 2p core holes are weakly
coupled, the 15~'2p~!np Rydberg series observed in photo-
emission can be viewed as the 1s near-edge x-ray-absorption
fine-structure (NEXAFS) spectrum of an Art ion with a
vacancy in the 2 p subshell. All of this is now feasible using
photoemission, as is demonstrated below.
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Satellite, or shake-up, processes in the photoionization of
atoms and molecules, of course, have been studied for
several decades; see, e.g., Refs. [11-13]. A thorough
discussion on such processes in rare gases is reported in
Ref. [14]. However, until now, direct observations of
satellites in conventional photoelectron spectroscopy have
been limited to cases where only inner or outer valence
electrons are involved in the shake-up process. Core-hole
photoemission satellites (i.e., DCH states) have been
observed only indirectly using photoabsorption [15,16]
or x-ray emission [17,18], in coincidence studies [2—4], or
in multiphoton experiments [6,7]. Specifically for argon,
three early photoabsorption studies focused on the
157121714 p? doubly excited states [15,16,19]. One of them
[16] derived approximate binding energies for the
1s~'2p~'nl core shake-up satellites as well as 1s~'2p~!
DCH ionization thresholds. A few years later, Ar
157121 'nl shake-up satellites were studied using KL
x-ray emission [17,18], yielding shake-up probabilities for
these states. The latter work [18] also reported approximate
values for the 1s~'2s~! DCH thresholds. A very recent KL
x-ray emission study focused on the 1s~'2p~'nin’l' doubly
excited states [20], revealing a higher fluorescence rate for
the 1s7!12p~!(!P) states than for the 1s~!2p~!(3P) states.

In the present study, x-ray photoelectron spectra of Ar™
1s7'2p~'nl DCH shake-up states are reported. Several
Rydberg series converging to the 1s~!2p~! thresholds are
visible in the spectra, permitting derivation of accurate
energies for the DCH thresholds. The quality of the spectra
also allows accurate determination of the lifetimes of the
DCH satellite states, resulting in a value comparable to that

© 2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.114.093001
http://dx.doi.org/10.1103/PhysRevLett.114.093001
http://dx.doi.org/10.1103/PhysRevLett.114.093001
http://dx.doi.org/10.1103/PhysRevLett.114.093001

PRL 114, 093001 (2015)

PHYSICAL REVIEW LETTERS

week ending
6 MARCH 2015

of the Ar 1s singly core-ionized state. This result, coupled
to a comparison between the Ar 1s NEXAFS spectrum for
the neutral (ground-state) atom and the photoemission
spectrum of the DCH states (a pseudo-ls NEXAFS
spectrum of argon with a 2p hole) is shown to lead to
previously unavailable information about the neutral-atom
spectrum.

To accomplish this study, an efficient experimental setup
that includes a high-brightness, high-resolution x-ray
source coupled to high-throughput, high-resolution elec-
tron analysis was required. The measurements were
performed at the SOLEIL Synchrotron, France, on the
GALAXIES beam line, with a newly operational end
station dedicated to hard-x-ray photoelectron spectroscopy
(HAXPES) [21,22]. Linearly polarized light was provided
by a U20 undulator and energy selected by a Si(111)
double-crystal monochromator. Photoelectron spectra were
collected with a Scienta EW4000 analyzer specifically
designed for HAXPES. To obtain accurate binding energies
from the photoelectron spectra, energy calibration was
achieved in two steps. First, the kinetic-energy scale of
the electron analyzer was calibrated by measuring Ar
KMM and LMM Auger spectra. The Auger energies were
calculated from binding energies of 3206.3(3) eV [23],
248.63(1) eV [24,25], and 45.14(1) eV [26] for the 157!,
2p3)p»and 3p~>(' D,) states of argon, respectively. Second,
the photon energy was calibrated by measuring Ar 1s~! and
2 p3‘/‘2 photoelectron spectra using the previously calibrated

kinetic-energy scale. Overall, the binding energies for the
DCH states were determined with a systematic uncertainty
of 0.4 eV. The accuracy of the binding energies is limited
mostly by uncertainty in the literature value of the 157!
binding energy.

Figure 1 shows a photoelectron spectrum in the binding-
energy region of the Ar 1s712/~! shake-up satellites. The
portion below 3520 eV binding energy is dominated by
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FIG. 1. The 1s~'2/~! DCH shake-up photoelectron spectrum of
argon, relative to the intensity of Ar 15! photoionization. Above
3530 eV, the relative intensity is multiplied by a factor of 4.

1s~'2p~"ns, np satellites converging to the 1s~12p~1 (13 P)
double-ionization thresholds. At higher binding energies,
1s~2p~13p~'npn’'p and 1s7'2p~'3s7'nsn'p double
shake-up satellites are visible, overlapping somewhat with
1571257145 satellites above 3565 eV binding energy. The
15712 p~'nl region of the spectrum, below 3530 eV binding
energy, was collected using a photon energy of
hy = 3900 eV, while the higher-binding-energy region
was collected with hv = 3970 eV. Here we concentrate
on the 157'2p~"nl photoelectron satellites at lower energy.
The remainder of the spectrum will be dealt with in a future
publication.

An expanded spectrum of the Ar 1s7'2p~'nl DCH
satellite region is shown in Fig. 2, along with the results
of a fit (solid curve). To fit the spectra, all of the photo-
electron peaks were simulated with postcollision-
interaction line shapes using the formula of Armen et al.
[27]. The peaks were convoluted with a Gaussian to
account for the finite experimental resolution, and both,
one lifetime broadening I" used for all Rydberg states and
the Gaussian width A, were left as free parameters in the
analysis. Note the fit properly accounts for the fact that the
Ar 1s7'2p~! DCH configuration splits into four states,
3Py10 and 'P;, with different binding energies. The
background is composed of a linear function as well as
an arctan function for each of the four thresholds to account
for unresolved Rydberg states and continuum contribu-
tions. From the fit in Fig. 2, I’ was determined to be 675
(20) meV FWHM, and A was found to be 525(20) meV
FWHM. The latter value compares well with an ideal value
of 500 meV expected under the experimental conditions,
based on 476 meV FWHM for the photon bandwidth,
obtained by ray-tracing calculations using the actual
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FIG. 2 (color online). The 1s~!'2p~! DCH shake-up photo-
electron spectrum of argon, relative to the intensity of Ar 157!
photoionization. The solid curve through the data points is a fit, and
the dashed curve represents the background (see text for details).
The bar diagrams indicate positions and intensities of Rydberg
series converging to the four different ionization thresholds.
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experimental settings, 125 meV FWHM for the spectrom-
eter resolution, and 80 meV for Doppler broadening. The
lifetime broadening of I' = 675(20) meV agrees well with
the value of a single Ar 1s hole (655 meV [21]) but not with
the sum of a single Ar 1s hole and a single 2p hole
(115 meV [28]). This is due to a decrease of the Ar 1s core-
hole lifetime broadening due to a decrease of the Auger
rates caused by the vacancy in the 2p shell [29,30]. Finally,
the binding energies are determined from the fit analysis;
they are listed in the Supplemental Material [31], together
with quantum defects § and peak assignments for the
1s~'2p~'nl states.

For an initial understanding of the spectrum in Fig. 2,
comparison can be made to Ne 1s™'2p~'nl valence
satellites. Assuming that monopole satellite transitions
dominate in argon, as they do in neon, one expects the
following possibilities [9]:

(a) Ar1s~'2p~'np(®S; 2)ep,
(b) Ar 1s‘12p_1ns(2P1/2,3/2)€s’ ed.

The states of type (a) can be considered as Ar 1s ionization
accompanied by shakeup of a 2p core electron into an
unoccupied np Rydberg orbital. In contrast, the (b) states
are due to Ar 2p ionization accompanied by shakeup of a
1s electron into an unoccupied ns Rydberg orbital. Because
a ls vacancy influences the effective charge seen by the 2p
electrons much more than the inverse, it is expected that the
(a) states are more intense than the (b) states. This simple
picture seems to correspond quite well with the assign-
ments and intensities in the present work.

The bar diagrams in Fig. 2 indicate the energy positions
of Rydberg states converging to the 3P, and 'P; DCH
thresholds. The clearest series consists of peaks leading to
the ! P, threshold, with eight distinct features. Based on the
simple picture described above, the four most intense peaks
are assigned to the 1s™'2p~'('Py)np(%S;,,) Rydberg
series, with n = 4-7. The assignment of this series is
confirmed by good agreement with the term values of Ca 11
[26] (see Supplemental Material [31] for comparison).
Using the Rydberg formula for the energies of these four
states, the 1s7'2p~!(1P,) double-ionization threshold can
be determined rather accurately to be 3523.09(5) eV.
Of the other four peaks below the ! P, threshold, the term
values for the two at 3511.50 and 3517.97 eV binding
energy correspond almost exactly to term values of states
in Ca 1, strongly suggesting their assignments as
Ls72p~'("P\)ns(*Pyj23/2), with n = 4,5, respectively.
The two remaining states indicated with ? are very weak,
with term values unmatched to Ca 11, suggesting they may
be due to nonmonopole transitions. Detailed calculations
will be required for a definitive assignment. Below each of
the three 3P2.1’0 DCH thresholds, only two or three
Rydberg states are visible due to their overlap and generally

lower intensities. However, similar analyses to that used for
the ' P, states were feasible, and the detailed results are
reported in the Supplemental Material [31]. Overall, the
DCH thresholds determined in this work lie approximately
2 eV higher than the only existing theoretical values [16].
However, within the error bars, the splittings among the
four thresholds agree well with theory.

Comparing the intensities of the 4p and 5p Rydberg
states leading to each of the four DCH thresholds, all of
which are visible in the spectrum, we find that the intensity
ratio between the sum of the 6 peaks below the three P
thresholds and the 2 peaks below the 'P threshold is
approximately equal to one. This result is quite different
from a statistical ratio of three. Preliminary measurements
at much higher photon energies, above 7 keV, also do not
exhibit a statistical ratio. Further studies are warranted to
understand this observation.

Together with the above reported detailed description of
the nature and energetics of the DCH shake-up states,
another significant piece of information can be derived
from the present results, and, namely, the 1s photoabsorp-
tion spectrum for an argon ion with a 2p vacancy, as well as
a deeper look at the 1s photoabsorption curve for the
neutral atom. Recently, it has been shown that a photo-
electron spectrum of K~V molecular DCH satellites can be
viewed as a NEXAFS spectrum of a molecular ion with a
s vacancy. However, these results have been obtained by
using a multielectron coincidence technique with a detector
resolution of only 1.5-2 eV [2], i.e., a value that is much
larger than the lifetime broadening for 1s~'2p~! states of
second-row elements; see above. Moreover, the coinci-
dence technique used in Ref. [2] has very limited abilities to
detect high kinetic-energy electrons, which is necessary to
use it in the present energy region. In analogy, the sequence
of argon Rydberg DCH states shown in Fig. 2, which are
dominated by monopole shake-up processes, should cor-
respond to an Ar ls NEXAFS spectrum taken in the
presence of a 2p hole. Thus, the present results illustrate a
means to study the spectroscopy of exotic species without
the elaborate experimental efforts typically needed to
produce highly excited atoms or molecules.

Moreover, in neutral argon, it is well known that lifetime
broadening limits the ability to resolve the np Rydberg
series in 1s photoabsorption [21,32]. However, two aspects
of the present results provide a partial way around this
limitation. First, as shown above, the lifetime broadening of
an Ar 1s holein a 1s~'2p~! DCH configuration is narrower
than for an Ar 1s~! single-hole state. Second, due to the
Coulomb interaction between the core holes, the energy
spacings between adjacent np Rydberg states in the DCH
Rydberg series are larger by approximately a factor of 2.92
compared to the spacings in a conventional Ar 1s photo-
absorption spectrum. This factor is not 4, as one would
expect in a one-electron system, because of different values
for the quantum defect of the np series in the 15 absorption
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FIG. 3. The Ar 1s~'2p~!(! P,)nl shake-up photoelectron spec-
trum (lower curve, bottom scale) compared to the Ar 1s!
photoabsorption spectrum (upper curve, top scale). The energy

axis of the Ar 1s~! spectrum is stretched by a factor of 2.92 to
align the Rydberg series.

spectrum (5 = 1.8) and in the 1s7!2p~! shake satellites
(6=1.5). As an illustration, Fig. 3 compares the
Is~12p~!(1P,)nl DCH satellite spectrum to a standard
Ar 1s photoabsorption spectrum, with the energy scale of
the latter stretched by 2.92 in order to align the Rydberg
series in the spectra. It is immediately evident that the
combination of the narrower lifetime width and the larger
spacing leads to a better-resolved Rydberg series in the
DCH spectrum, including the ability to identify some of the
higher members masked by the lifetime broadening in
conventional photoabsorption. In addition, the DCH spec-
trum also exhibits states that are dipole forbidden in
photoabsorption. All in all, Fig. 3 demonstrates that the
present measurements provide an enhanced view of tradi-
tional photoabsorption and a means to partially defeat the
lifetime broadening inherent in deep core levels.

In conclusion, states with two core vacancies have been
observed in a conventional single-channel photoelectron-
spectroscopy measurement for the first time, using the argon
atom as a prototypical example. A high-quality photoemis-
sion spectrum of the Ar* 1s~'2p~! (13 P)ns, np DCH states
was obtained, allowing detailed assignments of the main
features, as well as extraction of accurate binding energies,
linewidths, and quantum defects. Analysis of the argon DCH
photoemission spectrum also confirms that a traditional
shake-up picture can be applied to these states in order to
provide a qualitative understanding; it is reasonable to
consider the Ar 1s™'2p~'ns,np states as core-level
shake-up satellites of Ar 1s photoionization. In other words,
one can think of a photon ionizing a 1s electron while a 2p
core electron is excited (shaken up) to an np Rydberg
orbital. Alternatively, one can view the DCH spectrum as
akin to 1s photoabsorption by an argon ion with a single 2p

vacancy, offering a means to probe photon interactions of
such exotic species without the need to create them before-
hand. Taking this analogy a step further, this work also
demonstrates that the Ar DCH satellite spectrum can be
compared to a standard Ar 1s NEXAFS spectrum, thereby
improving its effective energy resolution, with the added
advantage that the pseudo-NEXAFS spectrum does not
require resonant excitation and can be taken at any suitable
photon energy. Finally, argon is just a first example of what
this new approach can achieve. We have already obtained
preliminary results on neon, where we have measured Ne
K2V DCH shake-up satellites, and in CS,, where we have
measured C K2V and S K~2V DCH shake-up states [33].
Double-core-hole states are expected to be ubiquitous
throughout the periodic table, as well as in a multitude of
molecular species, and we predict a broad range of new
studies on atoms, molecules, and other species will soon be
available to better understand core-level spectroscopy and
dynamics of DCH states, now that this relatively simple
experimental approach is available.
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